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I. THE NUTRITIVE VALUE 
OF PAPAYA! 


‘ 


By CAREY DUNLOP MILLER anp RUTH COBURN ROBBINS 


From the Nutrition Laboratory Hawaii Agricultural 
Experimental Station, Honolulu? 


(Received 17 September 1936) 


THE papaya (Carica papaya), a delicious fruit found in most tropical and semi- 
tropical countries, thrives well in Hawaii at altitudes below 1200 feet. Pope 
[1930], who has studied the culture of papaya, states that there are no established 
varieties in Hawaii, though there are a number of different types. 

Reports on the composition and vitamin value of papaya have appeared in 
the literature from time to time; most of the earlier ones are included in the 
bibliography of a brief article in this Journal [Miller, 1926], reporting the vitamin 
A, B and C values of papaya. 

This paper contains new material on mineral, vitamin and acid-base balance 


values of papaya grown in Hawaii. ° 


COMPOSITION OF PAPAYA 
Methods of chemical analyses 


The methods employed for the determination of the organic nutrients were 


those of the Association of Official Agricultural Chemists [1930], with the ex- 
ceptions noted below. Good quality papayas of the long narrow type bought on 
the open market were used for the analyses which were made on the edible 
portion after the seeds, inner membranes and a peel of about } inch thickness 
were discarded. The percentage refuse, determined on more than a dozen papayas, 
was found to range from 6-5 to 31-5 % according to the size of the papaya and 
the quantity of seeds. Refuse of the large and medium-sized papayas averaged 
25%. : 
Moisture was determined by a slight modification of the official method. A 
thin layer of the fresh edible material was weighed in a small, shallow weighing 
bottle (30 by 40 mm.), then dried in an electric oven for 3 days at 65°. Final 
traces of moisture were removed in vacuo over sulphuric acid for 3 days. 

Calcium was determined by a slight modification of the McCrudden volu- 
metric method [Sherman & MacLeod, 1925]; iron by the method of Elvehjem & 
Hart [1926]. All precautions were taken to prevent contamination by avoiding 
the use of iron utensils, by ashing the material without previous drying and by 
subtracting the iron value of a blank determination run simultaneously. 

The method of Davidson & LeClerc [1935] was used for the determination of 
the acid-base balance of the papaya. Triplicate analyses were made on a com- 
posite sample representing equal quantities of the edible portion of eight ripe 
papayas of various types. 

1 Published with the permission of the Director of the Hawaii Agricultural Experiment Station. 

2 Under the joint supervision of the University of Hawaii and the United States Department of 
Agriculture, Honolulu. 

Biochem. 1937 xxx1 (1) 


130633 


1 








2 C. D. MILLER AND R. C. ROBBINS 


Results of chemical analyses 
The figures in Table I represent averages of triplicate determinations on a 
composite sample of three ripe papayas. 


Table I. Composition of Hawaiian-grown papayas 
Expressed as °% of the fresh edible fruit 


°o o/ 


o /O 
Acid (as citric) 0-13 Ash 0-51 
Water 85-6 Ca 0-019 
Protein (N x 6-25) 0-5 ar 0-013 
Ether extract 0-3 Fe 0-00025 
Crude fibre 0-8 Cl 0-132 


Carbohydrate (by difference) 12-3 


Reports have come to the station laboratory that papaya grown near the sea 
often has an undesirable salty taste. A short series of analyses was run to note 
- the variation in the chloride content (Table II). 
Table II. The total ash, calcium and chloride contents of papayas 
Expressed as % of the fresh edible fruit 


Approx. 
distance 
Sample Source of Elevation from sea Moisture 
No. sample ft. miles % Total ash Ca Cl 

1 Wahiawa Vil., Oahu* 900 8 87-3 0-42 0-015 0-061 
2 Kailua, Oahu* 300 3} 84-0 0-51 0-017 0-075 
3 Kona, Hawaiit 1500 2 88-5 0-33 0-012 0-083 
4 Kaneohe, Oahut 100 1 85-1 0-46 0-016 0-104 
5 Kapaa Hts., Kauai 200 3 88-7 0-59 0-010 0-168 
6 Damon Tract, Oahu* 15 4 85-6 0-51 0-019 0-188 
7  Waialae, Oahu Sea level 3 87-3 0-63 0-018 0-223 
8 Wailupe, Oahu* Sea level 50 ft. 91:3 0-70 0-026 0-244 
Average 87-2 0-52 0-017 0-143 


* No fertilizer. 
+ Experiment Station land had been fertilized more than 6 months previously. 


{ Chicken manure used for fertilizer. 


These results show that the chloride content of papaya varies but that even 
the highest values do not greatly exceed those reported for some other foods 
such as milk, bananas and dates [Sherman, 1932]. However, it was not possible 
to obtain papaya that had a distinctly salty taste; sample No. 7 had a very 
slight salty taste. 

Rabinowitch [1932] has reported extreme variation in the chloride content of 
oranges from 0-009 % to 0-0052 %. 

To evaluate papaya as a source of Ca, determinations were made on the same 
samples with the results shown in Table II. There is considerable variation in the 
Ca content of the eight samples of papaya, the quantity on the fresh basis rang- 
ing from 0-015 to 0-026 %. This variation is less than that reported by Rabino- 
witch [1932] for oranges (0-0131—0-038 %). 

The results of analyses on a composite sample indicate that papayas have an 
acid-base balance value comparable with that of oranges. On the fresh basis 
papayas have a base balance value of 5-7 ml. of N alkali per 100 g. of fresh 
substance and 43-7 ml. of N alkali on the dry basis. 
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VITAMINS OF PAPAYA 
Methods and results of vitamin determinations 


All experimental animals were raised in the station laboratory. The mothers 
of all experimental rats received the following diet: whole wheat 960 g., whole 
milk powder 400 g., cooked soy bean meal 100 g., dried yeast 65 g., wheat germ 
40 g., NaCl 10 g., salt mixture 10 g. The salt mixture was made up of nine parts 
CaCO, and one part ferric citrate. 

All experimental animals were kept in individual cages with raised screen 
bottoms and were allowed distilled water and the basal diets ad lib. 

Quantities of papaya greater than 2 g. were weighed on a torsion balance, 
2 g. and less on a chainomatic balance. For the vitamin A experiments the 
supplements of papaya were fed three times a week and the carotene twice a 
week; these are reported on the basis of daily quantities. For the vitamin B 
experiments 0-01 g. of the international standard was fed three times a week 
(0-005 g. daily). All other supplements were fed daily. For all experiments daily 
feeding means every day except Sunday. 

Vitamin A. For the vitamin A experiments young rats were weaned at 
20-21 days of age and placed on the following experimental diet: extracted 
caseinogen [Sherman & Munsell, 1925] 18%, dried yeast 10%, salt mixture 
[Osborne & Mendel, 1919] 4%, NaCl 1%, corn-starch 57 %, crisco 10 %, viosterol 
to supply one part in 40,000 parts of diet. 

For the first series of experiments, 26 rats averaging 43 g. in weight were 
used. The average time for depletion of vitamin A stores was 33 days, the rats 
then weighed an average of 123g. Five rats were used as negative controls; 
the remainder were given daily feeding as follows: 9 rats, 4 units of carotene 
(1931 international standard) and 12 rats, 0-1 g. of papaya. 

For the second series of experiments 26 rats were used which weighed on the 
average 38 g. The average time for depletion of vitamin stores was 30 days, when 
the rats averaged 123 g. Three rats were used as negative controls, 12 were fed 
daily 4 units of carotene, 11 were fed daily 0-2 g. of papaya. 

All rats in our colony show slight to severe signs of xerophthalmia when the 
weight curves flatten or begin to drop. The mild cases become severe if the rats 
are continued on the basal diet only. Before death all controls show unsteady 
gait and inco-ordination of the hind legs. 

Although the rats fed supplements of carotene or papaya grew well, 60-70% 
of each group showed inco-ordination of the hind legs at the end of the 5-week 
feeding period. The majority of the rats had less yellow pigment in the incisor 
teeth than normal animals and the teeth of a few were chalky white. At autopsy, 
pus was found at the base of the tongue as follows: carotene, first series 2 rats, 
second series 1 rat; papaya, first series 2 rats, second series 3 rats. At autopsy, 
the female rats uniformly showed good sexual development with many large ripe 
follicles of the ovaries. The males showed poor sexual development; the testes 
were under-developed and microscopic examination showed few motile sperms in 
the cauda epididymis. One rat fed carotene had a bladder with thickened and 
hemorrhagic walls containing calculi. 

The results summarized in Table III and Fig. 1 indicate that papaya contains 
2500 units of vitamin A per 100 g., a high value for fruits. Morgan & Madsen 
[1933] have reported that apricots contain 3300 units of vitamin A or 2000y of 
carotene per 100 g. Yamamoto & Tin [1933] reported that papaya contains no 
carotene but a pigment which they called caricaxanthin and which like carotene 

1-2 
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Table III. Results of feeding various amounts of papaya to rats 
as the sole source of vitamins A, B; and Bz (G) 


Average weights 


When , 
Weights of supple- Average Approxi- 
Number supplements ment gain in mate units 
Vitamin studied of fed daily Initial started Final 5 weeks per 100g. 
and source rats g. g. g. g. g. of papaya 
Vitamin A: 
Negative control 
Carotene 
Papaya 
Negative control 
Carotene 
Papaya 


0-0 41 124* 90 _ = 2500 
4 units 48 126 206 80 (Inter- 

0-1 43 120 186 66 national 
0-0 41 134* 89 standard 


4 units 38 122 201 
0-2 37 120 225 105 


_— _ 
mow WO or 


Vitamin B, : 
Negative control 5 0-0 38 68* 49 8 
Standardt 0-005 40 70 130 (Inter- 
Papayat 6-0 41 72 126 54+ national 
standard) 
Vitamin B, (G): 
Negative control é 0-0 40 47* 52 5 33 
Autoclaved yeast é 0-1 37 43 67 24 (Bourquin- 
Papaya 2-0 51 58 66 8 Sherman 
Papaya 16 3-0 44 50 67 17 standard) 


* Weight at the end of the depletion period. ; All rats in this group fed 6 weeks. 


— 
of 
= 
oo 
a 
on 
2 
= 
= 
Lz 
£ 
cs 
- 


Gain or loss in weight (g.) 


Days Days 
Fig. 1. Fig. 2. 


Fig. 1. Average gain in weight of groups of young rats fed papaya and carotene as the sole source 
of vitamin A. S=4 units of International Standard carotene. The broken line indicates the 
occurrence of the first death in the group. The numbers in parenthesis show the number of 


rats used for each test. 


2. Average gain in weight of groups of young rats fed papaya and the vitamin B, standard as 
the sole source of vitamin B,. S=0-005 g. of the International Standard. The broken line indi- 
cates the occurrence of the first death in the control group. The numbers in parentheses show 
the number of rats used for each test. 





FOOD VALUE OF PAPAYA 5 


possesses growth-promoting properties. Karrer & Schlientz [1934] have con- 
firmed the presence of caricaxanthin but point out that it is chemically identical 
with kryptoxanthin. 

Vitamin B,. For the vitamin B, experiments, 28 young rats were weaned at 
21-22 days when they averaged 40 g. in weight. They were then placed on the 
diet recommended by Sherman [1932]. The average time for depletion was 24 
days when the rats averaged 71 g. From each litter of rats one or more negative 
controls were continued on the basal diet only, and two or more positive controls 
were fed 0-005 g. of the 1931 international standard. Table III and Fig. 2 sum- 
marize the results of feeding tests and show that papaya is a poor source of 
vitamin B,, containing approximately 8 international units per 100 g. 

Vitamin Bz (G). The method used was essentially that of Bourquin & Sherman 
[1931] which, according to Bisbey & Sherman [1935] and others [see Munsell, 
1936] measures the flavin values. Instead of the alcoholic extract of whole wheat, 
however, an alcoholic extract of rice bran, or tikitiki, was used to supply vitamin 
B,. Whether or not the tikitiki extract contains a factor essential for the rat, as 
does the alcoholic extract of wheat described by Booher et al. [1934], has not 
been determined. 

Thirty-four young rats were placed on the experimental diet at 20-21 days of 
age when they averaged 44 g. in weight. The average time for depletion was 
26 days and the rats then averaged 50 g. Vitamin B, was supplied in the form of 
an extract of tikitiki made in our laboratory (0-1 ml. fed daily: equivalent to 1 g. 
of rice bran) or 4 drops (0-12-0-13 g.) daily of tikitiki from the Bureau of Science, 
Manila. From each litter of rats were chosen two or more negative controls which 
were continued on the basal diet only and two or more positive controls which 
were fed daily 0-1 g. of autoclaved yeast. 

During the experiment and at autopsy the rats showed no lesions or dermati- 
tis, but more than half had some blood on the whiskers and at the base of the 
whisker follicles. A few had shorter fur than normal, giving a somewhat woolly 
appearance, 


30 
220 
210 2.0 G 
5 0.0 G5) 
3 0 <0, 


DAYS 





Days 


Fig. 3. Average gain in weight of groups of young rats fed papaya and autoclaved yeast as the sole 
source of vitamin B, (G). The numbers in parentheses show the number of rats used for each 
test. A.Y.=0-1 g. autoclaved yeast. 


Results of the feeding experiments summarized in Table III and Fig. 3 show 
that papaya is only a fair source of vitamin B, (G), containing approximately 33 
Bourquin-Sherman units per 100 g. 

Vitamin C (ascorbic acid): biological tests. Standard guinea-pigs raised in 
our laboratory were fed Sherman’s [1932] scorbutic basal diet plus fresh alfalfa 
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plus the supplements until they ate the papaya readily. The alfalfa was then dis- 
continued and the supplements fed to 21 guinea-pigs for 28 days. Two animals 
were used as negative controls and were fed only the basal diet for 21 days. At 
the end of the feeding experiments the method for the histological examination 
of the incisor teeth recommended by Héjer [1926] was employed. The results of 
the experiments are summarized in Table IV. 


Table IV. Results of feeding papaya to guinea-pigs as the 
sole source of vitamin C 


Period Weights of animals 


during =.——*———, Histological 
Weight of which When examina- 
supple- supple- supple- At end tion of 
ment fed meut ment of experi- Net gain Gross teeth, 

Guinea-pig daily wasfed started ment or loss scurvy Héjer’s 

no. g. Days g. g. g. at autopsy*  ratingt 
323 M. 0 21 303 154 —149 +++ —t 
335 M. 0 21 323 336 13 ++ 0-0 
286 F. 2 28 309 284 —25 ? 0-5 
290 F. 2 28 301 397 96 - 1-0 
296 F. 2 28 303 375 73 - 0-9 
298 F. 2 28 301 331 30 - 0-7 
300 F. 2 28 304 410 106 - 1-0 
302 F. 2 28 305 375 70 - 0-5 
329 M. 2 28 336 458 122 - 1-0 
331 M. 2 28 310 401 91 - 1-0 
333 M. 2 28 344 370 26 - 0-7 
337 M 2 28 316 411 95 - 0-8 
339 M 2 28 311 406 95 - 1-0 
341 M 2 28 313 397 84 - 1-0 
282 F. 3 28 313 359 46 - 1-0 
284 F. 3 28 303 340 37 - 0-7 
288 M. 3 28 310 339 29 - 0-5 
310 F. 3 28 303 344 41 ~ 0-8 
312 F. 3 28 302 385 83 - 0-9 
325 M. 3 28 326 462 136 - 1-0 
327 M. 3 28 308 423 115 - 1-0 
353 M. 3 28 308 279 -29 - 0-8 
355 M. 3 28 323 320 -3 - 0-9 

* Sherman and Smith [1931]. + Hojer [1926]. 


{ Histological preparation unsatisfactory. 


Of the 12 guinea-pigs fed 2 g. of papaya, only one showed signs of gross scurvy 
and that case was questionable. Not all the 8 animals fed 3 g. of papaya daily 
had the teeth completely protected from histological changes. The international 
standard ascorbic acid was not available when the feeding tests were made, but 
pure ascorbic acid has since been fed to 10 guinea-pigs in our colony. We find that 
0-5 mg. of ascorbic acid per day does not usually protect from gross scurvy; 
1-0 mg. always protects from gross scurvy and protects the teeth, according to the 
Ho6jer [1926] rating approximately 0-7, somewhat less than 2 g. of papaya. On 
this comparative basis, the results of the biological tests show an ascorbic acid 
value of approximately 0-6 mg. per g. of fruit or about 60 mg. per 100 g. of fresh 
edible papaya. Using the Sherman standard of protection from gross scurvy, it is 
calculated from the data shown in Table IV that papaya contains 70 Sherman 
units of vitamin C per 100g. of fruit, indicating that papaya is an excellent 
source of vitamin C. Values obtained by chemical methods are given below. 

Chemical tests. For the chemical tests ascorbic acid of papaya was determined 
by the 2:6-dichlorophenolindophenol method as described by Bessey & King 
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[1933] with slight modifications and the iodine method used by Lorenz et al. 
[1934]. Glass-redistilled water was used throughout, and blanks were run for all 
methods and modifications. 

Both the iodine and 2:6-dichlorophenolindophenol solutions were daily 
standardized against a pure ascorbic acid solution (Merck Cebione). The stability 
of ascorbic acid solutions with and without the addition of various acids was 
determined. Table V shows that the recovery of ascorbic acid up to 3 hours was 
good if a few drops of glacial acetic acid were added to the solution. This confirms 
the work of Ahmad & Bashir [1935] and unpublished data of Collins [1936]. 


Table V. Percentage recovery of ascorbic acid from redistilled water solutions 


Redistilled Approx. 0-1% 8% 8% tri- 
Time water only acetic acid acetic acid chloroacetic acid 
hours % % % of 
0 — 100-0 99-5 99-6 
l — 99-3 99-8 91-0 
2 92-2 — 99-2 80-2 
3 91-0 98-2 98-6 75-4 
+ 90-0 96-8 97-7 72-1 
5 87-6 96-8 96-1 70-0 
24 72-4 90-1 71-6 14-1 


Both the choice of acid and the concentration of acid used for the extraction 
had definite effects on the quantity of vitamin C extracted from the papaya and 
its stability after extraction. Table VI shows that hot 8 % acetic acid gave more 
satisfactory results for the extraction of ascorbic acid than did hot or cold 


trichloroacetic acid. 


Table VI. Extraction of ascorbic acid from papaya using various acids. 
Titration with 2: 6-dichlorophenolindophenol 


Expressed as mg. per g. of fresh fruit* 


Sample Acid used for extraction Ist extraction 2ndextraction Total 
0. mg. mg. mg. 
1 8% acetic acid (hot) 0-552 0-009 0-561 
1 20% trichloroacetic acid (cold) 0-381 0-135 0-516 
1 5% trichloroacetic acid (cold) 0-476 0-008 0-484 
2 8% acetic acid (hot) 0-569 0-004 0-573 
2 20% trichloroacetic acid (cold) 0-307 0-070 0-377 
2 5% trichloroacetic acid (cold) 0-355 0-019 0-374 
2 8% trichloroacetic acid (hot) 0-444 0-011 0-455 


* None of the extracts was treated with H,S and CO,. 


A number of tests were made to determine the value of treating the extracts 
with mercuric acetate [Emmerie & van Eekelen, 1934] and/or hydrogen sulphide 
[McHenry & Graham, 1935] in order to remove interfering substances and 
to have all the ascorbic acid in the reduced or titratable form [McHenry & 
Graham, 1935]. Table VII shows that there was a definite increase in titration 
values after treatment of the solution with hydrogen sulphide and removal with 
carbon dioxide. The results with mercuric acetate shown in Table VII are un- 
satisfactory and are similar to those of McHenry & Graham [1935]. Emmerie & 
van Eekelen [1934] recommend that the extract containing the ascorbic acid be 
kept overnight in the presence of H,S but there was so much destruction of the 
vitamin, especially in trichloroacetic acid solution as illustrated in Sample 1, 
Table VII, that the subsequent determinations were carried out as stated in the 
method given below. It was decided to use hydrogen sulphide and carbon 
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Table VII. Comparison of the ascorbic acid contents of samples of papaya extracts 
treated with mercuric acetate and/or hydrogen sulphide and carbon dioxide. 
Titration with 2: 6-dichlorophenolindophenol 


Expressed as mg. per g. of fresh fruit ——_ 


Sample Extract without Extract treated with HgAc, 
No. Acid used for extraction further treatment with H,S and CO, H,S and CO, 
mg. mg. mg. 
] 10% CCl,COOH (hot) 0-352 0-230* 0-348 
9 9» 0-367 0-170* 0-400 
2 ; , 0-463 0-495 0-475 
0-466 0-509 0-483 
0-584 0-691 0-658 
0-584 0-674 0-663 
0-472 0-608 0-550 
0-425 0-541 0-530 
% 0-298 0-417 0-387 
(hot) 0-340 0-361 
° 0-352 0-376 
0-422 0-435 
0-401 0-413 
0-419 0-434 
* Left overnight in presence of H,S. 


8%, CH,COOH 


> 


Table VIII. Recovery of ascorbic acid when added to 
papaya pulp using various methods 


Expressed as mg. per g. of fresh fruit 


Ascorbic Ascorbic Total Ascorbic 
acid in acid ascorbic acid 
Extract and method of treatment sample added acid covered Recovery 
mg. mg. mg. mg. % 
10% CCl,COOH extract (hot) no 0-298 0-378 0-676 0-603 89-2 
further treatment 
10% CClI,COOH extract (hot) 0-417 0-378 0-795 “702 88-3 
treated with H,S and CO, 
10% CCI,COOH extract (hot) 0-387 0-378 0-765 89-1 
treated with HgAc,, H,S and CO, 
10% CCl,COOH extract (hot) no 0-298 0-378 0-676 87- 
further treatment 
10% CCl,COOH extract (hot) 0-417 0-378 0-795 e715 89-7 
treated with H,S and CO, 
8% CH,COOH extract (hot) no 0-340 0-159 0-499 
further treatment 
8% CH,COOH extract (hot) treated 0-361 0-159 0-529 
with H,S and CO, 
8% CH,COOH extract (hot) no 0-419 0-161 
further treatment 
8% CH,COOH extract (hot) treated 0-434 0-161 
with H,S and CO, 
8% CH,COOH extract (cold) no 0-422 0-133 
further treatment 
8% CH,COOH extract (cold) treated 0-435 0-133 
with H,S and CO, 
8% CH,COOH extract (hot) no 0-442 0-174 0-616 0-608 
further treatment 
8% CH,COOH extract (hot) no 0-425 0-174 0-599 0-588 
further treatment 
8% CH,COOH extract (hot) treated 0-698 0-153 0-851 0-855 
with H,S and CO, 


2 





FOOD VALUE OF PAPAYA 9 


Table IX. Ascorbic acid content of ripe papayas as shown by 2 : 6-dichlorophenol- 
indophenol and by iodine titrations using hot 8 °/, acetic acid as extractant 


Expressed as mg. per g. of fresh fruit 


Dye method Iodine method 
——————— LN, 
Ascorbic Ascorbic 
Sample Ascorbic acid content Ascorbic acid content 
No. acid Variation average acid Variation average 
mg. mg. mg. mg. mg. mg. 
l 1-164 1-270 
1-150 0-014 1-157 1-270 0-000 1-270 
2 1-072 1-235 
1-071 0-001 1-072 1-218 0-017 1-227 
3 1-027 0-911 
1-053 0-026 1-040 0-963 0-052 0-937 
i 1-008 1-151 
1-000 0-008 1-004 1-116 0-035 1-134 
5 0-922 1-020 
0-932 0-010 0-927 0-963 0-057 0-992 
6 0-790 0-898 
0-783 0-007 0-787 0-876 0-022 0-887 
7 0-763 0-845 
0-770 0-007 0-767 0-863 0-018 0-854 
8 0-760 0-854 
0-760 0-000 0-760 0-854 0-000 0-854 
9 0-745 0-841 
0-741 0-004 0-743 0-845 0-004 0-843 
10 0-698 0-736 
0-698 0-000 0-698 0-723 0-013 0-730 
11 0-656 0-745 
0-676 0-020 0-666 0-788 0-043 0-767 
12 0-659 0-744 
0-675 0-016 0-667 0-779 0-035 0-762 
13 0-660 0-753 
0-659 0-001 0-660 0-745 0-008 0-749 
14 0-648 0-648 0-788 0-788 
15 0-635 0-788 
0-632 0-003 0-634 0-788 0-000 0-788 
16 0-616 0-678 
0-619 0-003 0-618 0-678 
17 0-559 0-683 
0-543 0-016 0-551 0-644 0-039 0-664 
18 0-520 0-670 
0-513 0-007 0-517 0-666 0-004 0-668 
19 0-436 0-517 
0-417 0-019 0-427 0-491 0-026 0-504 
20 0-361 0-438 
0-376 0-015 0-369 0-455 0-017 res _ 0-447 
Maximum 1-157 1-270 
Minimum 0-369 0-447 
Average 0-736 0-827 
P.E. 0-0321 0-0318 
Mean +-005 +011 


variation 
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dioxide but not mercuric acetate in the routine determination of the vitamin C 
content of papayas. 

Trichloroacetic acid was not satisfactory either as an extractant or as a 
preservative of the vitamin in solution (Tables ‘I and VIII). Because of the 
stability of ascorbic acid in acetic acid solution «nd because the recovery of 
added ascorbic acid from papaya pulp mixed with t % hot acetic acid was 98 % 
or better, 8% hot acetic acid solution in redistilled water was chosen as the 
extractant for the ascorbic acid of the papaya. 

A representative section of a ripe papaya was mashed thoroughly with a 
silver fork. A sample of 20 g. was weighed out and qi ickly mixed with about 
20 ml. of hot 8 % acetic acid and filtered through glass v ool in a funnel contain- 
ing a small porcelain filter disc. (The glass wool was fir. | washed with the hot 
acetic acid.) The pulp was washed with successive small «,uantities of acetic acid 
until the volume of the filtrate was 100 ml. The green papa va was chopped with a 
stainless steel knife and ground with acid-washed sand .nd small quantities 
of hot 8% acetic acid until the volume of the extract wa: 100 ml. Hydrogen 
sulphide was bubbled into 50 ml. of the extract for 10. \in. The flask was 
stoppered tightly and left for 1} to 2 hours. The hydrogen su phide was removed 
by passing washed carbon dioxide through the solution (1-14 ours), after which 
the solution was made up to 100 ml. and aliquots were takea for the dye and 
iodine titrations. The dye was made up in a phosphate buffer solution of pH 7 
[Bennett & Tarbert, 1933] and was standardized daily against pure ascorbic 
acid. The dye was made up every 4 days and filtered each day. 

Table IX shows the quantity of ascorbic acid (vitamin C) in papayas. Except 
in one instance, the results obtained by the iodine method were higher than those 
by the dye method, and the differences between the two methods were greater 
after treatment with H,S. By the dye method, which is probably the more 
accurate, the maximum and minimum values were 1-157 mg. per g. and 0-369 mg. 
per g. with an average of 0-736. Using the iodine method the maximum was 
1-270 mg. per g. and the minimum 0-447 mg. per g. with an average of 0-827. 
The P.E. for the dye titration is 0-0321 and for the iodine, 0-0318. The mean 
variation between duplicate determinations for the dye method was +0-005 
and for the iodine method +0-011. 

A short series of tests was made to see whether the vitamin C content in- 
creased with ripeness. The results shown in Table X for papayas obtained from a 


Table X. Ascorbic acid content of papayas at various stages of 
ripeness from a single tree 
Expressed as mg. per g. of fresh fruit 
Description Dye method Iodine method 

mg. mg. 
Very green (no yellow in flesh) 0-265 0-315 
Green (slight yellow colour in flesh) 0-323 0-402 
Slightly green (flesh yellow, but hard) 0-464 0-528 
Ripe (flesh yellow and soft) 0-618 0-678 


tree on the University campus are clear-cut and indicate that there is a gradual 
increase in the ascorbic acid as the fruit matures. 

The average ascorbic acid value of ripe papaya may be considered to be 
0-7 mg. per g. or 70 mg. per 100 g. of edible portion, a value somewhat higher 
than the biological tests indicate. However, as stated on p. 6, only a small 
group of guinea-pigs in our colony have been fed ascorbic acid and these were not 
fed simultaneously with the papaya experiments. 





FOOD VALUE OF PAPAYA 


SUMMARY 


1. Papayas grown in Hawaii have been analysed for organic nutrients, 
calcium, phosphorus, iron, chlorine and acid-base balance. 

2. Papaya compares favourably with oranges as a source of calcium, basic 
ash and ascorbic acid. 

3. The vitamin C content of papaya increases with ripeness. 

4. Average papaya is estimated to contain per 100g. of edible material, 
2500 international units of vitamin A, 8 international units of vitamin B,, 
70 mg. of ascorbic acid (vitamin C) and 33 Bourquin-Sherman units of 
vitamin B, (G). 
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II. METABOLISM OF SULPHUR 


III. THE EXCRETION OF CYSTINE 
BY NORMAL INDIVIDUALS 


By GRACE MEDES 
From the Lankenau Hospital Research Institute, Philadelphia 


(Received 12 September 1936) 


In a previous paper [Medes, 1936] it was shown that cystine occurs in normal 
urine and may be quantitatively precipitated as the cuprous salt, and sub- 
sequently determined by phospho-18-tungstic acid or by the method of Rossouw 
& Wilken-Jorden [1934; 1935] based on the Sullivan reaction. The slightly lower 
values obtained by the latter more nearly specific method leave open the 
possibility that some other S—S compound such as homocystine may comprise 
a small part of this output. However, some doubt is thrown upon this inter- 
pretation by the fact that technical difficulties in adapting the latter procedure 
to normal urine decrease its accuracy somewhat and by the fact that no homo- 
cystine was isolated along with cystine by cuprous chloride precipitation. In 
the present paper cystine was estimated by the method described by Medes & 
Padis [1936], and the total values were recorded as cystine. 


A. The cystine content of normal urine 


24-hour specimens of urine were collected from 50 normal individuals. The 
subjects were patients about to be discharged from the Lankenau Hospital and 
were for the most part mild surgical cases and all were pronounced free of any 
metabolic disturbance. The urine was acidified as soon as voided to minimize 
decomposition of the cystine and preserved in ice-boxes until the close of the 
24-hour period. In addition to cystine, neutral sulphur, creatinine and total 
nitrogen of these specimens were determined quantitatively. The results, treated 
statistically, together with similar treatment of body weights are recorded in 
Table I. 


Table I. 24-hour cystine excretion of 50 normal individuals, correlated with 
neutral sulphur, creatinine and total N output and with body weight 


Coefficient of 
Standard correlation 
Mean deviation with cystine 

Cystine (mg.) 30-4 +1-5 27-3+1-9 — 
Neutral S (mg.) 96-6 +4-2 42-8 +2-9 + 0-46 +0-07 
Creatinine (g.) 0-99 +0-03 0-3 +0-02 +0-°65 +0-05 
Total N (g.) 13-9 +0-7 4-9+0°5 +0-10 40-02 
Body weight (kg.) 59-7 +1-0 10-4 +0-7 +0-15 0-07 


Cystine. The excretion of cystine averaged 30-4 mg. (1-27x10-* M) per 
24 hours. The high standard deviation, 27-3 + 1-9 mg. shows the wide variation 
in the individual cases, the range being from 10 to 102 mg. The distribution of 
these cases, in 2 mg. classes, is shown in Fig. 1. All but two of the subjects form 
a fairly homogeneous group. With these two excluded, the average excretion 

( 12 ) 
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becomes 28-6 mg. If in addition the two cases lying between 50 and 60 mg. are 
excluded, the average is lowered to 26-6 mg. The wide scattering of values sug- 
gests that so-called cystinuria may represent a complete breakdown of some 
mechanism which may function imperfectly in a small number of other subjects. 
The distribution of neutral sulphur in 5 mg. classes is shown for comparison. 


60 80 100 


: Cystine 


: Neutral 
: sulphur 


100 150 200 250 


Fig. 1. Distribution of cystine in 2 mg. groups and of neutral sulphur in 5 mg. groups, excreted 
by 50 normal individuals. fa 

Is it 
Neutral sulphur. Total sulphur was determined by digesting 10 ml. samples of urine by Pirie’s 

method [1932], transferring the digest to 5 x $ in. silica test-tubes. Boiling water was added to fi x fF Ep D 

about 2 in. below the top, followed by 5 ml. of 5% BaCl,. The tubes were allowed to stand over- po 

night, the contents centrifuged, the supernatant liquid decanted and the precipitate washed twice 4 \ = 4 

with water, centrifuging after each washing. The BaSQ, was dried in the silica tube, ignited, ‘> rp 

cooled in a desiccator and weighed. The error of this method was found to be 1%. Total sulphates 

were also determined by the gravimetric method [Folin, 1905-06] the sutathiien: being transferred 


to the silica tubes, in which the washing and weighing were carried out. 


The mean excretion of neutral sulphur was 96-6 + 4-2 mg. per 24 hours. The 
standard deviation, 42-8+2-9 mg., is relatively lower than that of the cystine, 
indicating more homogeneity in the group. Although the two individuals with 
high cystine output are among the highest with respect to excretion of neutral 
sulphur, their values are within the limits of the general group. Since the cystine 
sulphur constitutes only about 8% of the neutral sulphur in this group of 
subjects, it is not to be expected that variations in cystine would appreciably 
affect the neutral sulphur excretion. Nevertheless the coefficient of correlation 
between cystine excretion and neutral sulphur output was +0-46+0-07, sug- 
gesting some fundamental relationship between the two. 

No significant relationship appeared between cystine output and excretion 
of total nitrogen or between urinary cystine and body weight. The latter lack 
of correlation was unexpected in view of the large positive correlation, 0-65 + 0-05, 
found between cystine and creatinine excretions and the positive correlation of 
0-34+0-08 between creatinine output and body weight. In spite of the hetero- 
geneity of this group of subjects as to age and sex, the correlation between 
creatinine excretion and body weight was almost identical with that of Tracy & 
Clark’s [1914] group of 26 women, whose coefficient of correlation between 
creatinine excretion and body weight was 0-34+0-12. In their group the mean 
body weight was 58-7 + 1-00 kg. and the creatinine output 0-90 + 0-03 g. 


B. Relation of urinary cystine, amino-nitrogen and neutral sulphur 


In Table II are presented metabolic studies of 5 hospital patients. The first 
3 were about to be discharged from the hospital as recovered. The last two patients 
were cases of advanced and inoperable tumours. 24-hour collections of urine 
were made for a preliminary period of 3 or 4 days, followed by a second period 
during which cystine was fed daily in doses of 40 mg. per kg. body weight. In 
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3 cases a final period without cystine feeding was included. 2 days intervened 
between the second and third periods. All determinations were carried out as 
in the preceding section. Amino-nitrogen was estimated by Van Slyke & 
Kirk’s [1933] modification of Northrup’s method. 


Table II. Metabolic studies of 5 subjects during periods of cystine feeding, with 
special reference to the excretion of cystine, amino-nitrogen and neutral 


sulphur 
Intake 





Wt. Nitrogen 
No. close 
days of Protein Cystine Protein Cystine 
Subject yr. exp. _ period g. g. g. g- 
1. Tuberculosis (recovered), 3 37-5 110-6 _- 17-69 — 
initial weight 36-6 kg. 4 38-1 103-6 16-60 0-17 
59-7 69-6 11-13 
59-7 66-4 ; 10-73 
59-6 68-0 10-88 
41-6 75-6 12-28 
42-3 82-6 . 13-11 
43-0 88-5 -- 14-15 
64-4 86-7 on 13-88 
64-4 85-2 2: 13-85 
60-2 76-7 12-27 
59-8 82-5 2 13-04 
60-2 86-4 13-63 


2. Gasteropsis, initial weight 
59-9 kg. 


3. Osteoarthritis, initial 
weight 41-6 kg. 


4. Sarcoma of abdomen, 
initial weight 63-6 kg. 

5. Carcinoma of breast, 
initial weight 60-0 kg. 


OPO PRP PRA boo Oo 


Output 


Nitrogen Sulphur (as S) 

0 SN ~ —_~— = 
Crea- Cys- Cystine Total Ether- Neutral Cystine 

Sub- tinine tine Total Balance Amino Cystine % Total SO, ealSO, S Cystine % 
ject mg. mg. g- g. mg. mg. amino mg. mg. mg. mg. mg. neutral 
1 691 28 13-50 +419 405 3-26 8608 762 653 58 108 
671 21 11-65 +495 456 244 06 827 729 49 98 





2 966 26 11-36 — 0-23 212 =3-04 710 619 36 91 
967 27 10-89 +0:16 208 3-14 zi 1198 1078 = 337 120 
960 24 10-91 +0-03 205 =. 2-80 ’ 820 708 43 112 
804 20 12-04 +0-24 2-34 } 641 576s 41 65 
827 21 11-59 +052 3 2-44 i 1019 942 43 77 
823 21 13-17 +098 3 2-44 : 688 614 49 74 
987 37 13-80 +0-08 4-32 800 613 49 187 
979 40 12-23 +139 4-68 1295 1059s 45 236 
972 39 11-96 — 0-23 32 4-54 709 499 52 210 

1021 49 12-29 +0-16 5-72 1163 937 51 226 
975 45 13-36 +0-03 5-24 850 617 47 233 


AME PM DIDS AAI AS 
mm OOD CD DWtom Hon 18 


Hom Bor 


All the subjects were in approximate nitrogen equilibrium except the first, 
a young boy, who was on a high calorie diet and was gaining rapidly in weight. 
The feeding of cystine, as shown by Table II, affected neither the excretion of 
creatinine nor that of cystine. The urinary amino-N also appeared unaffected 
except possibly in one case, subject 3, in whose urine the amino-N rose to an 
average value of 308 mg., with average values of 252 and 240 during the pre- 
ceding and following periods respectively. Since it has been shown by Van 
Slyke & Kirk [1933] that amino-N in the urine rises after ingestion of protein, 
these findings indicate that other amino-acids are responsible for the increase. 
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Cystine N in percentage of amino-N varied from 0-8 to 1-6. There was no signi- 
ficant difference between the patients with tumours and the normal subjects. 
Highest values of amino-N were found in the urines of subject 1, who was on 
a high protein diet. In this instance the percentage of cystine N was lower than 
in any other group, but not significantly less than that of subject 3. 

No increase in neutral sulphur was noted during the periods of cystine 
feeding, except in the case of subject 4. The cystine sulphur, as percentage of 
total neutral sulphur, varied from 4-5 to 7-5. Neutral sulphur and cystine sulphur 
were both elevated in the urines of the two patients with tumours, the ratios 
falling only slightly lower than those of the normal subjects. It is not known 
whether the 2 patients with tumours represent tumour patients as a group. 


C. Metabolic variations in the cystine content of urine 


In Table III is recorded the cystine output of a single individual on two 
standardized diets, one high protein, containing 120g. protein daily (estimated), 
and the other, low protein, containing 8-5 g. protein daily. The urinary collections 


Table III. Cystine output on various diets. Total cystine output and output in 
moles per hour, as determined by the cuprous chloride precipitation method 


Cystine 
cr eA 
Vol. Total per hr. per hr. 
Period , ml. Mx10° Mx10* mg. Diet 
7 p.m.—7 a.m. 2 535 “42 5-35 1-29 Low protein 
7 p.m.—7 a.m. 2 140 “12 3-43 0-83 
7 p.m.—7 a.m. 370 . 5-86 1-42 High protein 
7 p.m.—7 a.m. 2 750 : 6-75 1-63 
9 p.m.—7 a.m. 285 , 4-10 0-99 Low protein 
7 p.m.—7 a.m. 2 335 57 5-47 1-32 
7 p.m.—7 a.m. 2 625 4-06 0-98 
7 p.m.—7 a.m. 2 530 4-95 1-20 
6-60 1-60 High protein 
5-04 1-42 
6-30 1-52 
5-10 1-23 Low protein 
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7 p.m.—7 a.m. 2 335 
7 a.m.—7 p.m. 2 410 
7 p.m.—7 a.m. 2 405 
7 a.m.—7 p.m. 2 250 
7 p.m.—7 p.m. 1520 4-56 1-10 
7 p.m.—7 p.m. 1190 5-04 1-22 
7 p.m.—7 p.m. 720 2 4-48 
7 p.m.—7 p.m. 2 770 , 4-55 
7 p.m.—7 p.m. 1045 : 4-10 
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for the most part covered 12-hour periods, from 7 p.m. to 7 a.m. In the final 
group 24-hour periods were substituted, to ascertain the constancy of cystine 
output on a constant diet. 

The average output on the low protein diet, as shown in Table III, was 
1-11 mg. per hour, and 1-52 mg. per hour on the high protein diet. In spite of 
the small number of determinations, this difference seems significant, since the 
deviations in the two classes are relatively small, the values among the urines 
collected during the low protein diet ranging from 0-83 to 1-32 mg., and during 
the high protein diet from 1-42 to 1-63. 

The average output in the final series of collections during the low protein 
diet was 1-11, a value identical with the average of the entire low protein periods. 
The average deviation was +0-07. It is not clear how far these deviations 
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represent variations in the daily output, or to what extent they represent the 
errors in the determinations of urines of different volumes and acidity. 

Since the variation in output of a single individual on varied diets is re- 
latively slight, it may reasonably be concluded that the wide differences shown 
among the 50 subjects studied are fundamental differences in individual treat- 
ment of cystine. It would be of interest to determine whether these variations 
are metabolic or whether they are renal (leakage of cystine through the kidney). 
The high positive correlation between excretions of cystine and creatinine 
indicate that metabolic differences between individuals play the greater role. 


SUMMARY 


The cystine excretion of 50 normal individuals was determined as 
30-4+1-5 mg. per 24 hours, with a range of 0-8—84 mg. per 24 hours. 

There was a positive correlation of 0-46 + 0-07 between excretions of cystine 
and neutral sulphur, and a positive correlation of 0-65+0-05 between urinary 
cystine and creatinine. No significant correlation was found between cystine 
excretion and output of total nitrogen or body weight. 

Cystine sulphur comprised from 5 to 8% of the neutral sulphur and from 
4-5 to 8% of the amino-nitrogen. 

The output of cystine by a single individual ranged from an average value of 
1-11 mg. per hour on a low protein diet to 1-52 on a high protein diet. 

Differences between individuals are greater than between variations of a 
single individual on different diets. 
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Ill. THE CHEMICAL CONCENTRATION 
OF VITAMIN K 


By HENRIK DAM anp LIESE LEWIS! 
From the Biochemical Institute of the University, Copenhagen 


(Received 12 November 1936) 


THE chemical concentration of vitamin K, the blood-clotting vitamin (fat-soluble 
antihaemorrhagic vitamin), has been dealt with in a series of papers by Dam 
[1935, 1, 2; 1936], Dam & Schonheyder [1936, 1, 2], Almquist & Stokstad 
[1935, 1, 2], and Almquist [1936, 1, 2]. 

We have now worked up a large quantity of alfalfa and carefully controlled 
each step of the preparation by means of the method of Schonheyder [1936] 
which is based upon the specific action of the vitamin to sustain the clotting power 
of the blood. The aim was to prepare a large amount of a concentrate to be used 
as starting material for the final isolation and to find out the behaviour of the 
vitamin towards various methods and reagents, some of which are being used 
in the isolation process. 

BIOLOGICAL TECHNIQUE 

The writers have an extensive experience of the test method of Schonheyder 
[1936]. The animals were procured from the dealer when weighing about 100 g. 
and then placed on diet 60. They were operated on before and after ingestion 
of the substance (which took place on 3 consecutive days) and the S-value was 
determined. The clotting agent, aqueous preparation of hen’s lungs, was tested. 
against normal chicken plasma many times during the period (up to more than 
1 month) in which it was used, and the mean value was found graphically by 
plotting the concentrations against the dates. Only chicks with an S,-value of 
above 300 (in most cases above 1000) were used for the tests. 

The chemical concentration has been carried out at the same time as the 
biological researches of different workers in this laboratory. It has turned out 
that in some groups of animals the full development of the high S,-value, 
corresponding to the enormous fall in clotting power, takes a much longer time 
than in others (in spite of the occurrence of haemorrhages), apparently inde- 
pendently of the diet. This phenomenon, which is being investigated, has at 
times retarded the work, and this is the reason why the concentration process, 
which was started in January, has required about 5 months. This phenomenon, 
which resembles refection in vitamin B experiments, may in its most extreme 
form, even lead to suppression of haemorrhages and is probably the reason why 
certain authors have denied the existence of the alimentary haemorrhagic disease.” 

Certain other workers use the preventive method and calculate the percentage 
of the animals which show haemorrhages within 14 days. We consider this 
procedure to be inaccurate because haemorrhages may occur in the broad 
range of S-values from 70 to 30,000. The S-value 70 corresponds to an amount 
of vitamin K about 40% of that which renders the clotting power normal 
(compare the diagram in the paper of Schonheyder [1936]). Dam (up to 1935) 
and Dam & Schonheyder [1934] have previously used the preveutive method but 

1 With the collaboration of Mrs I. Svendsen. 
2 Almquist & Stokstad [1936] have recently described the same condition and set forth an 
explanation which is in general agreement with our experience. 
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have always kept the animals under inspection during at least 1 month. In their 
experiments the haemorrhages most frequently came at the age of about 20 days. 










THE CONCENTRATION PROCESS 





The concentration process is summarized in the following scheme: 





Dried alfalfa 81 kg. 


250 units per g., 20 x 10° units in all. 
per g 





Extraction with acetone, a precipitate sparingly soluble in acetone being discarded. 
| 





The fraction of the extract which is soluble in light petroleum: 2280 g. with 17,000 units per g., 
39 x 10° units in all. 










Partitioning between light petroleum, 421. and equal parts of 90% methanol 9 times. 





C oe 
Light petroleum fraction: 515 g. with 52,000 Methanol fraction practically inactive; dis- 
units per g., 27 x 10° units in all. carded. 








Dissolved in 5 1. absolute alcohol and placed 
in the ice-box at 0°. 





ee re ee ee ee eee ee 
Filtrate: 308 g. with 81,000 units per g., Precipitate 192 g. with 10,000 units per g. 


25 x 10° units in all. 









Dissolved in light petroleum (5 1.) and shaken 
twice with 5 1. 90% acetic acid. 


















Cc P ie, a oe 
Light petroleum fraction: 279 g. with 95,000 Acetic acid fraction (green) 27-5 g. with less 
units per g., 26-5 x 10 units in all. than 25,000 units per g. 
| 
Dissolved in 14 1. absolute alcohol, cooled with solid CO, and filtered through solid CO,. 
c . ae 
Filtrate: orange oil with crystals 75 g. with Precipitate: dark green grease, 184 g. with 
187,000 units per g., 14 x 10° units in all. 68,500 units per g., 12-6 x 10° units in all. 





v 
Separation of the oil from crystals. 








Ce ae ee ee ee ~ 
X Oil: 67-6 g. with 200,000 units per g., 14 x 10° Crystals: white and red (sterol + carotenoid) 
units in all. 7-5 g. with 1300 units per g. 
| 
Solution of 65 g. of the oil in acetone treatment 
with solid CO,. 
y 


c * 
Y Filtrate: orange oil 28 g. with 280,000 units Precipitate: 37 g. with 65,000 units per g. 
per g. 







A 







The extraction was carried out in a continuous vapour extraction apparatus 
in batches of about 10 kg., each batch being extracted for 22 hours. After cooling 
a green precipitate formed, which has been previously found to be practically 
inactive. All evaporations were carried out in a vacuum still. The partitioning 
between light petroleum and 90 °% methanol was carried out in portions of about 
9 1., the methanol being regenerated and used again after determining how much 
water it was necessary to add in order to get the same volume of upper phase 
as when working with pure methanol. 

Almquist [1936, 2] has claimed that the vitamin passes into the methanol, but 
this statement could not be confirmed in our experiments. It is possible that 
this discrepancy may to some extent be explained by the fact that Almquist 
does not use acetone for the extraction whereby less methanol-soluble material 
is extracted. 
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The treatment with solid CO, was as described by Karrer eé al. [1931]. 
According to our experience, it seems possible to simplify the concentration 
process by extracting directly with light petroleum and to omit the treatment 
with acetic acid, whereby only a small part of the mixture is removed. The separa- 
tion of the green material may be effected by the treatment with solid CQ,. 

Small portions of the oil marked X with 200,000 units per g. were subjected 
to further treatments in order to estimate the value of the different methods 
which offer themselves for the further concentration, and at the same time to get 
some information about the chemical properties of the substance. 

As already mentioned by Dam & Schonheyder [1936, 1] vitamin K can be 
sublimed in a high vacuum. 54 mg. of the oil were now subjected to a sub- 
limation process at 0-6 x 10? mm. Hg. 

The sublimation vessel was of the usual type which has been described by 
Breusch [1934] but with unit ground joint instead of a rubber stopper. The pump 
was a mercury diffusion pump, Modell IV, Gaede, and the pressure was controlled 
both by a v. Reden and a mol-vacuummeter (Gaede). All connexions were of 
glass and the apparatus was furnished with the necessary cooling devices to 
stop vaporization from the substance and from the mercury. The grease for 
the ground joints was “‘apiezon’’. The whole process required about 3 hours,' and 
gave the following result: 

Fraction 1: 130-155° light yellow oil, 11 mg., 700,000 units per g., 7700 units in all. 
2: 155-200° yellow oil, 7-5 mg., 90,000 units per g., 700 units in all. 

» 3: 200-250° orange oil, 23 mg., 0 units perg., 0 units in all. 
Residue: green-brown oil, 13-5 mg., 0 units perg., 0 units in all. 
Recovered: 8400 units in all (75%). 


” 


A repetition of the experiment with a larger quantity, 621 mg., 124,000 
units in all, in the same apparatus; pressure 2 x 10-* mm. Hg: 
Fraction 1: up to 160° light yellow oil, 82 mg., 360,000 units per g., 29,500 units in all. 
~ 2: 160-180° yellow oil, 61 mg., 590,000 units per g., 36,000 units in all. 
Residue: green-brown oil, 479 mg., 33,000 units per g., 16,000 units in all. 
Recovered: 81,500 units (66%). 


That the most potent fraction in this experiment sublimes at a somewhat 
higher temperature than in Exp. 1 is most probably explained by the fact that 
the thickness of the layer of oil in the vessel was greater and the liquid was not 
boiling. 

Fraction 2 contained 20% sterol, which could be removed by digitonin. 
It contained no nitrogen (micro-Dumas carried out with 7-490 mg.). 

The ultraviolet absorption spectra of all the preparations were photographed 
by Prof. Schou, to whom the authors are indebted. No characteristic absorption 
was found. The spectrum in the visible region shows absorption in the blue and 
violet. 

Distillation at a higher pressure, 0-1 mm. Hg (and up to 250°), of the oil Y 
led to destruction of the greater part of the vitamin: only 25% was recovered. 

The authors have studied the availability of different adsorption media for 
the chromatographic separation of the oil X and similar preparations. It has 
previously been reported [Dam & Schonheyder, 1936, 2] that aluminium oxide 


1 A full account for this experiment was given by one of us (H. D.) to the 19th Congress of 
Scandinavian Natural Scientists, 11 August 1936, in Helsinki. 
Since then a paper by Almquist [1936, 2] has appeared in which a similar result of a vacuum 


distillation at a lower pressure is described. 
2—2 
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was unsuitable, and that the eluate (with methanol) was practically inactive 
in spite of the fact that it contained 90% of the substance by weight. We have 
since then, with the same result, tried a long series of elution media including 
extraction with boiling alcohol in a Soxhlet apparatus. MgO behaves like 
Al,O;, and even the solution of the adsorbent in the calculated amount of dilute 
HCl and extraction in a tap funnel with ether did not yield an active eluate. 
It is therefore concluded that these strong adsorption media destroy the vitamin. 

Silicic acid also destroyed a large portion of the vitamin. 

CaCO, and cane sugar have a very weak adsorptive power. The separation 
with these adsorption media could not be reproduced. 

Burned gypsum appears to be one of the mildest adsorption media by which 
separation from a trace of chlorophyll derivatives and carotenoid pigment can 
be effected. It destroys up to 50% of the activity depending on the duration of 
the treatment. 

Oil X is completely resistant to treatment with acetic anhydride at 100° 
for } hour: 10 mg. of the oil (2000 units in all) + 0-2 ml. acetic anhydride ; evapora- 
tion of every trace of the reagent in vacuo at 50° after the treatment; recovered 
2000 units= 100%. 

Addition of excess of bromine in ether to the oil led to the formation of a 
green and thereafter a white precipitate ; after standing with excess bromine in ice- 
water for half an hour and removal of the free bromine with sodium sulphite, the 
activity was lost. Addition of bromine to the distillation fraction 2 (distillation 
no. 2), after removal of sterol by means of digitonin, did not lead to the formation 
of a precipitate. 

It is interesting to note that after treatment with trimethylacethydrazide- 
ammonium chloride [Girard & Sandulesco, 1934; 1936] the vitamin is found in 
the non-ketone fraction: 288 mg. of oil Y (with 280,000 units per g.) were boiled 
in 5 ml. absolute alcohol with 0-5 ml. acetic acid and 250 mg. of the reagent (7’) 
for 37 min., and then treated exactly as indicated by Girard & Sandulesco [1936]. 
As extraction media freshly distilled ether and light petroleum were used. The 
extracts were washed with water to neutrality before evaporation: non-ketone 
fraction: 240 mg. with more than 200,000 units per g.; ketone fraction: 10 mg. 
(possibly containing traces of the oil which were not removed by the first 
extraction of the non-ketone fraction), activity about 60,000 units per g. 


SUMMARY 


1. The concentration of vitamin K from alfalfa on the large scale using the 
Schonheyder curative test as control for the different steps of the preparation 
has been described. 

2. Small portions of the concentrate (an oil with 200,000 units per g.) have 
been subjected to various treatments whereby it was established that: 

(a) The oil may be concentrated 3 to 34 times by one sublimation in a high 
vacuum (10-* mm. Hg and about 160°). The sublimate is a yellow oil which does 
not contain nitrogen. 

(6b) The vitamin in the concentrate is resistant to treatment with acetic 
anhydride at 100° for } hour. 

(c) Treatment with Girard’s reagent (Trimethylacethydrazide-ammonium 
chloride) leaves the vitamin in the non-ketone fraction. 

(d) Treatment with bromine in excess and removal of free bromine with 
sodium sulphite. 

(e) Adsorption of the vitamin on strong adsorption media (Al,0,;, MgO, 
etc.) results in destruction. 
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3. The ultraviolet absorption of the different concentrates was examined by 
Prof. S. A. Schou. No characteristic absorption could be detected. 

4. Further concentration of the oil is being attempted by means of repeated 
vacuum distillation and other methods, on the preliminary supposition that the 
vitamin has the chemical character of an ester. 


This work has been aided by a Grant from The Rockefeller Foundation and 
from P. Carl Petersens Fond. 
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(Received 1 December 1912) 


In our earlier work on vitamin K, the blood-clotting vitamin, we have mainly 
studied the need of the chick for this food constitutent. As reported at the 
19th Scandinavian Congress of Natural Scientists, Aug. 1936 [Dam, 1936], we 
have recently also investigated the behaviour of a series of other animals on a 
diet deficient in vitamin K. The same symptoms as are seen in chicks are easily 
produced in ducklings and young geese, while pigeons and canaries developed 
the symptoms very slowly. In the group of mammals, dogs, rats and guinea-pigs 
did not show any signs of the disease within the time of the experiment. Rabbits 
in most cases refused the diet and died so early that it was impossible to draw 
any definite conclusion. An experiment with pigs did not lead to a definite 
result. 

Diets. ‘‘ Diet 60”: caseinogen vitamin A-free 20, dried yeast 15, sucrose 62:3, 
salts No. 2 2-7 [Dam & Schonheyder, 1934], cod liver oil 4. 

‘Diet 70”: the same with starch instead of sugar. 

“D2” caseinogen vitamin A-free 20, dried yeast 4, salts [Hart et al. 1920] 4, 
starch 72, cod liver oil 3. 

The symptoms of the disease are haemorrhages, long clotting time, high 
S-values, and as a consequence of the severe haemorrhages, low haemoglobin 
content. The S-values [Schonheyder, 1936] represent the ratio multiplied by 10 
of the concentration of thrombokinase preparation (a hen’s lung extract) which 
under fixed circumstances is required to effect clotting of the plasma in 3 min. 
for sick animals and normal chicks respectively. 

Ducklings. 5 animals (White Peking) were placed on diet 60 from the day 
of hatching and 5 other animals were placed on the diet from the 18th day 
after hatching. The data are given in Table I, A and B. 


Table I 


Haemorrhages 
rs, 
In the 
Age in days when Haemo- Timeof lining 
Duckling ————_——, Weight globin clotting ofthe  Else- 
no. Dead Killed g. (Sahli) min. gizzard where S-value 
A 
1 —_— 15 147 74 > 50 + 0 _— 
2 — 15 161 37 > 100 + + 31,000 
3 16 — 102 48 > 150 + 0 2,400 
4 16 o— 119 —_ — + 0 —_— 
5 14 — 119 _— —_— + 0 —_ 
B 
6 25 — 90 _- _- + 0 -- 
7 _— 32 201 50 5 + (+) _ 
8 — 30 140 — _ _ _ 350 
9 -— 27 137 _- >50 0 0 _ 
10 26 — 260 — —_ - = 26,000 
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Immediately after the determination of the S-value, duckling 8 received 
0-0081 mg. per g. body weight per day of a vitamin K concentrate with 200,000 
units per g. [Dam & Lewis, 1937] on 3 successive days. The S-value on the 4th 
day was found to be 12. 

The lung extract used for determination of the S-values was tested against 
many samples of normal hen’s plasma. The S-value of normal hen’s plasma is 10. 
Three normal ducklings were found to have S-values 31, 40 and 18 respectively 
(mean value 32). The ingestion of the vitamin K concentrate has thus rendered 
the plasma of duckling 8 ‘‘supernormal”’. 

Young geese. 5 animals were placed on diet 60 from the day of hatching and 
5 other animals were placed on the diet from the 6th day after hatching 


(Table II, A and B). 


Table II 
Haemorrhages 
In the 
Age in days when Haemo- Timeof lining 
Goose ———*———, Weight _ globin clotting ofthe Else- 
no. Dead _ Killed g. (Sahli) min. gizzard where S-value 
1 —_ 20 230 32 120 + 0 2,200 
2 13 —_ 150 —_ _ 9 + _ 
3 21 —_— 200 42 12-15 + + 9,000 
4 18 —_ 230 — _ _— — 35,000 
5 4 pa 69 ee ‘ite nae a = 
B 
6 18 _ 278 — _— + + 9,100 
7 17 — — — —_— _ + _ 
8 18 — 268 — —_ + + 4,300 
9 6 sie - i jie aie mie os 
10 18 — 250 — —_ ? - 12,000 


The S-values for 2 normal young geese were found to be 16 and 8-5 respec- 
tively; mean value 12. An attempt was made to cure goose 4 by means of the 
same concentrate as in the experiment with ducklings, but the animal died 
during the second operation. Young geese are very sensitive, and it is difficult 


to keep them alive after the operation. 
Pigeons. Animals 1-3 were placed on diet 60 at the age of about 2 months, 


the others were placed on diet 70 from the age of 2 months. Operative removal 
of blood from the carotid was attempted in some cases, but did not succeed. 








Table III 
Haemorrhages 
——— 
Days on the In the 
diet when Haemo- ‘Time of lining 
Pigeon, ‘ —, Weight globin clotting of the Else- 
no. Dead Killed g. (Sahli) min. gizzard where 
1 34 34 366 85 9 0 0 
2 — 45 350 85 18 0 eo. 
3 — 51 290 80 8 ? 0 
4 _-- 36 101 82 10-13 + 0 
5 _— 71 265 100 8-11 + 0 
6 8 — 145 --- — 0 0 
7 10 = 135 — a= 0 0 
8 12 —_— 191 — 2-3 0 0 


P=“symptoms resembling polyneuritis”. 
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Canaries. 8 birds were placed on diet 60 at the age of about 2 years. 


Table IV 
Haemorrhages 
Days on the In the 
diet when Haemo- ‘Time of lining 
Canary =———*——"_ Weight globin clotting of the Else- 
no. Dead Killed g. (Sahli) min. gizzard where 
1 _— 76 15 83 10 ? 0 
2 _— 77 16 80 8 0 0 
3 6 —_ 15 _— — 0 0 
+ _ 84 18 60 3 0 0 
5 70 76 19 — 3 0 0 
6 70 _ 18 — -- 0 +* 
7 ae 86 20 ia 63 0 0 
8 _- 52 17 100 1-2 + 0 


* In theca cranii. 


The yellow feathers of the canaries became white in the course of the ex- 
periment owing to lack of xanthophyll [Brockmann & Vélker, 1934], but the 
yellow colour of the fat deposits persisted. 

An attempt was made to operate on some of the birds in order to determine 
the S-values, but the operation appeared to be too difficult. 

Mammals. Rats. 10 animals at the age of 31 days were placed on diet 60. 
Rats 6-11 were given 0-6 ml. lemon juice per day. 


Table V 
Days on the diet when Haemo- Time of 
—"—————— globin clotting 
Rat no. Dead Killed Weight g. (Sahli) min. Haemorrhages 

1 —_— 34 142 _— 2 0 
2 a 34 144 is 24 0 
3 -_ 34 158 = 1} 0 
4 — 34 134 — 2 0 
5 —_ 34 150 —_ —_ 0 
6 _— 34 174 70 2} 0 
7 _ 34 163 95 2 0 
8 — 34 114 a }4 0 
9 — 34 142 75 4 0 
10 — 34 150 —_ 2 0 


Guinea-pigs. 10 animals weighing about 250 g. were placed on diet 60 for 
6 weeks. A daily supplement of 3 ml. lemon juice per animal was given. The 
animals were killed. No haemorrhages were observed and the clotting times 
were similar to those observed in the experiment with rats. 

Dogs. 4 young dogs at the age of 14-2 months were placed on diet “‘D2”’. 
The juice of one lemon was mixed with the drinking water (and a little sugar) 
for all animals together per day. 


Table VI 
Days on the Weight g. 
diet when — HUM Haemo- Time of 
Dog (a Before After globin _ clotting 
no. Dead Killed experiment experiment (Sahli) min. Haemorrhages 
1 11 _— 850 650 _ 4 0 
2 a 73 1200 3650 62 1 0 
3 — 73 1300 5210 63 23-5 0 
4 ~— - 1400 6160 67 24 0 
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The livers of dogs 3, 4, 5 were taken to dryness in a vacuum desiccator. They 
were found to contain on the average 12 units of vitamin K per g. dry matter. 
We found 40-60 units respectively in two normal dogs. 

Rabbits. 5 young rabbits weighing 500-600 g. were placed on the same diet 
as the dogs +the juice of one lemon for all animals per day. 


Table VII 
Weight g. 
Days on the Se 
diet when Before After Haemo- Time of 
Rabbit _———~*———, experi- experi- globin clotting 
no. Dead Killed ment ment (Sahli) min. Haemorrhages 
1 12 — 530 410 — — +theca cranii 
2 _— 8 560 500 75 13 between theca + cranii 
and periosteum P 
3 19 — 560 390 70 5 0 
+ 18 -- 560 470 80 3-5 0 
5 9 — 570 520 = a 0 


P=“symptoms resembling polyneuritis”. 


Pigs. 2 pigs weighing 5-2 kg. were placed on the same diet as the dogs. Each 
animal received a supplement of 50 mg. ascorbic acid per day in the form of 
tablets. 

Table VIII 


Days on the 
diet when Haemo- Time of 
Pig — Weight globin _ clotting 
no. Dead Killed kg. (Sahli) min. Haemorrhages 
1 -— 73 133 85 3 
2 53 -- 11-8 95 2 (stomach mucosa red) 


Microscopic examinations of the stomachs were carried out by Prof. Folger of the Veterinary 
High School, to whom the authors are indebted. The red colour of the stomach of pig 2 was due 
to a hyperaemia of the superfluous layer but no haemorrhages could be detected. 


The liver of pig 1 was found to contain about 5-10 units of vitamin K per g. 
dry matter as compared with 100 units for normal pigs. 


Discussion 


The experiments show very clearly that a diet deficient in vitamin K produces 
the same symptoms in chicks and ducklings. The clotting power of the blood, as 
indicated by the S-values, could be rendered normal by means of a vitamin K 
concentrate. The symptoms developed in young geese are also exactly the same 
as those in chicks. Owing to the difficulty of the operative technique the curative 
restoration of the clotting power of the blood of young geese was not carried out. 

Pigeons appear to develop the symptoms of the disease slowly and to a very 
mild degree. The same holds good for canaries. In one case haemorrhages in the 
theca cranii were, however, apparently the cause of death. 

In our opinion, the haemorrhagic defects in the gizzard are, as a rule, just 
as good a symptom of the disease as haemorrhages in other tissues. We have, how- 
ever, seen groups of animals in which the haemorrhagic defects in the lining of the 
gizzard did not appear in spite of the occurrence of haemorrhages in other tissues 
and a prolonged clotting time. This for example holds good for a group of chicks, 
which received fatty acids obtained by the cold saponification of hog liver fat 
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[Dam, 1935]. (Chicks which received fatty acids obtained by prolonged hot 
saponification showed the symptoms in the gizzard just as well as in other 
organs.) Dam & Schonheyder [1934] have drawn attention to the possibility 
that certain factors may render the lining of the gizzard more resistant to the 
haemorrhagic changes resulting from the low clotting power of the blood. 
Whether a labile gizzard-protecting factor may be found in the liver fat or not, 
the positive observation of haemorrhagic defects in the lining of the gizzard is 
undoubtedly a sign of insufficient vitamin K, apart from particular cases, in 
which other causes may have played a role. 

This is mentioned because Almquist & Stokstad [1936, 2] have expressed the 
view that gizzard “‘corrosions”’ is a particular deficiency disease different from 
the vitamin K avitaminosis. 

The experiments with rats, guinea-pigs and dogs show that these animals 
may be kept for a long time on a diet deficient in vitamin K without showing 
any symptoms of the disease (and thriving fairly well). The experiments with 
rabbits and pigs are inconclusive. The rabbits died early from starvation. The 
pigs throve well in the first 6 weeks, after which the growth was irregular and 
diarrhoea occurred. 

We have, in an experiment which will be described in a separate paper, been 
able to produce a haemorrhagic diathesis in dogs by prolonged inanition. This 
condition was characterized by prolonged clotting and bleeding time. The number 
of thrombocytes was low (7000 against the normal value 600,000). The number 
of cells in the bone marrow was also low. 

This haemorrhagic diathesis is not believed to be a result of lack of vitamin K. 

The fact that certain species of animals can apparently dispense with vitamin 
K in their diet, may be explained in one of three different ways: (1) The animal has 
no need of the vitamin, (2) the animal can synthesize the vitamin, or (3) the 
vitamin is synthesized by bacteria in the intestine. Almquist & Stokstad [1936] 
have provided evidence for the view that the bacterial synthesis occurs in the gut 
of the chick, and that it may be the reason why, under certain conditions, the de- 
velopment of the symptoms in the chick may be retarded. Further investigation on 
this subject must therefore be directed to discriminate between these possibilities 
as explanation for the results found with pigeons, canaries and the mammals. 
The fact that the livers of dogs and pigs reared on a vitamin K-free diet were 
found to contain some vitamin K, but (particularly in the experiment with pigs) 
apparently less than is found in livers of normal animals of these species, could 
be explained as a result of a limited synthesis or of the experimental period being 
too short. 

No evidence has hitherto been provided for the indispensability of vitamin K 
in the food of man. Some diseases which are characterized or followed by retarded 
clotting power might perhaps be supposed to have, in some way or other, a 
relation to lack of vitamin K due to insufficient synthesis or insufficient absorp- 
tion from the intestine etc. 

These are: haemophilia congenitalis, grave cases of liver diseases (including 
intoxications influencing the liver) and infantile sprue. 

Haemophilia congenitalis has been ascribed to a cellular deficiency, i.e. a 
deficient functioning of the thrombocytes [Howell & Cekada, 1926], but Howell 
[1914] has earlier stated that the cause was lack of prothrombin—the clotting 
component which is practically absent in vitamin K avitaminosis. This view 
has also recently been maintained by Patek & Taylor [1936]. 

1 Prof. Hogan has recently informed us that he has seen the haemorrhagic disease in rabbits 


and pigs. 
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We have made an experiment in which a haemophilic received an altalfa 
extract. The patient was a man aged 23 years, weight 71 kg. Bleeding time 24 min. 
The clotting times (determined according to Gram [1921]) before and after the 
treatment were 10 and 8 min. respectively. 700,000 units of the vitamin (97 g. 
extract) were given in the course of 9 days, corresponding to 1-1 units per g. per 
day. If the human haemophilic had reacted towards the ingestion of vitamin K 
in the same way as a K-avitaminotic chick, this dose would have rendered the 
clotting power of his blood normal, supposing that he could absorb the vitamin 
from the rather large amount of extract. 

The clotting time was, as mentioned, practically unaltered, and a new 
haemorrhage occurred during the experiment. 


SUMMARY 


1. The haemorrhagic disease which is seen in chicks reared on a diet con- 
taining an insufficient amount of vitamin K has also been observed in ducklings 
and young geese. 

2. The disease was seen to a very mild degree only or was developing very 
slowly in pigeons and canaries. 

3. Rats, guinea-pigs and dogs could be reared for a long time on the basal 
diet without showing any signs of the disease. 

4. Experiments with rabbits and pigs were inconclusive. 

5. The reason why certain species of animals may dispense with the vitamin 
in their food is discussed. 

6. The possible relation between K-avitaminosis and haemophilia in man 
is discussed. 


This work has been aided by a grant from The Rockefeller Foundation and 
from P. Carl Petersens Fond. 
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THE quantitative estimation of the hydration of hydrophilic colloids has given 
discordant results according to the method employed. This has been well shown 
by Greenberg & Greenberg [1933]. The methods depending on viscosity [Kunitz, 
1927] or on the comparison of particle weight determined by osmotic pressure 
with the particle size determined by diffusion velocity [Kunitz et al. 1934] rest 
on many somewhat uncertain assumptions. A more direct way of attacking the 
problem is to make use of the idea that the water of hydration no longer has the 
power of dissolving another substance which may be added to the solution of the 
colloid. Since only a part of the total water present is available for forming the 
solution, the actual solution will have a concentration higher than the value 
calculated from the amounts of water and dissolved ‘‘reference substance” 
added. 

There are three methods available for estimating this enhanced concentration. 
Firstly that of Newman & Gortner [1922] who use the depression of the freezing- 
point produced by dissolving a known amount of reference substance in the 
solution of the colloid. Secondly there is the method introduced by MacBain & 
Jenkins [1922] and used by Greenberg & Greenberg [1933] and also by MacBain & 
Kistler [1929] in which a sample of solution is freed from the colloid and its 
bound water by ultrafiltration. The concentration of the reference substance is 
then estimated in this sample by chemical or physical means and compared with 
the concentration at which the original solution was made up. The third method 
is that used by Weber & Nachmannsohn [1929] in which a solution of the colloid 
is brought into equilibrium with a solution of the reference substance across a 
membrane which is permeable to the latter and to water. The concentration is 
then determined relative to the total water in both solutions, when it is found 
that the colloid solution is the more dilute in respect of the reference substance. 

All the methods present experimental difficulties. Each one is sensitive 
to error from even slight adsorption of the reference substance by the colloid, 
which would lead to low or even to negative results for the bound water. In each 
case it is necessary to use a non-electrolyte as reference substance, especially 
when the colloid is an electrolyte since the distribution would be greatly affected 
by a Donnan membrane equilibrium. This appears to be the case even when the 
colloid is commonly regarded as a non-electrolyte such as glycogen, as the 
author and Young [1936] have shown by osmotic pressure measurements. At 
first sight it might appear that this is an unnecessary condition for Gortner’s 
method but even here an unknown change in the activity coefficients of the ions 
could easily vitiate the results. 

The chief difficulty of the cryoscopic method is the smallness of the freezing- 
point depressions to be measured. 

( 28 ) 
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With regard to the ultrafiltration method a serious objection in the author’s 
opinion is the probability that there will be a preferential passage of the water 
compared with the reference substance. The results of Greenberg & Greenberg 
[1933] show practically no bound water for gelatin, caseinogen and glycogen, 
and although Bull [1933] has suggested that the results have been vitiated by 
adsorption of reference substance Greenberg & Cohn [1934] have presented 
further evidence which shows that this is very improbable. The present author’s 
criticism of differential rates of filtration does not appear to have been made 
before and it seems well worth while testing whether a solution of glucose changes 
its concentration under the conditions of ultrafiltration used. Even this test is 
not quite rigid since it is quite possible for membrane characteristics to be 
considerably altered by adsorption of certain colloidal materials. 

The third method depending on the attainment of equilibrium across a 
membrane is the one used in this work. 


THEORY OF THE DISTRIBUTION OF A REFERENCE SUBSTANCE 
ACROSS A MEMBRANE 


It should be noted that even if no water is bound by the colloid the partition 
of the reference substance relative to the water on both sides of the membrane 


will not be quite equal. 
The problem has been treated by Donnan [1934] who gives the equation: 


N. ‘ a N ‘ N, ‘ r 
—§_=-—5_. hence y= ( a) oe 1 
(No')’  (No’)” N, No (1), 
where N,’ and JN,’ are the mol. fractions of the reference substance S, and of 
water respectively on the side of the membrane containing colloid; V,” and N,” 
have the same significance on the side containing no colloid; and r is the partial 
molar volume of s, divided by the partial molar volume of water in the solution 
considered. 
Further Ny =1-N,/-N,,', 





where N,.’ is the mol. fraction of the colloid 8,. 

When VN,’ is small NV,” may be taken as equal to N,’ for the purpose 
of calculating Ny’=1—N,.”. 

In the experiments described later acetone has been used as the reference 
substance and gum arabic as the colloid. From osmotic data on the sodium salt 
of the gum the author (not yet published) has recently deduced that it behaves as 
if it were 50% ionized at a concentration of 10%, and in another paper [1936] 
that its “‘molecular weight ”’ is very high (240,000). The equivalent weight is 1200, 
so that the effective molar concentration of a solution containing 10 g. of gum per 


100 g. of water is 100 x 0-5/1200 =0-04. 


If the acetone concentration is taken to be 0-1 mol. per 1000 g. of water, 
the following mol. fractions can be calculated: 





In colloid solution In outside solution 
c — \ -o—_.._oaq«m@———_ 
Acetone Gum arabic Water Acetone Water 
N,,’ Naa Ny’ N,,” ( ~N,,) N, o” 
0-0018 0-0009 0-9973 os 0-9982 


The partial molar volume of acetone obtained by a graphical method from 
data in tables for the specific gravity of dilute solutions is 65, that of water may 
be taken as 18, so that r=65/18=3-6. 
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Substituting these values in equation (1) we obtain for the ratio of the mol. 
fractions of the acetone J, ‘/N,,” the value 0-9966. To obtain the ratio of con- 
centrations of the acetone relative to the water we have to divide the mol. 
fractions of acetone by the mol. fractions of water, i.e. we have to multiply the 
above ratio by N5”/No’ =1-0009 which brings it to 0-9974. 

It is interesting to note that if the partial mol. volume is negative as it is with 
ethyl alcohol in water then the exponent r is negative and the above ratio will be 
greater than unity giving the effect of “‘negative hydration” or positive adsorp- 
tion of the reference substance by the colloid. 


CALCULATION OF HYDRATION 


If for the moment we neglect the above effect and attribute the unequal 
distribution of the reference substance entirely to some of the water being 
bound by the colloid then we may easily calculate the hydration as follows. 

Let x’ and x” be the concentrations of the reference substance per g. of total 
water in the colloid solution and in the outside solution respectively ; C =con- 
centration of colloid as g. per g. of water; and h=bound water per g. of colloid 
(water of hydration). 

Then in the colloidal solution the amount of free water per g. of total water 
is 1—AC and the true concentration of the reference substance is x’/1—AC. This 
is equated to x”, whence 


hj = 


This equation has also been used by Greenberg & Greenberg [1933]. 

If we substitute in this formula the value for the ratio calculated above, the 
apparent hydration is 0-026 g. of water per g. of colloid. This small correction is 
mainly dependent on the mol. fraction of the colloid and it will be shown that 
hydration values 10-40 times as large have been obtained. 


EXPERIMENTAL 
As mentioned previously difficulty is experienced in obtaining a reference 
substance which can be estimated accurately in the presence of the colloid. 
Acetone can be completely and easily distilled from the colloid solutions and 
estimated readily by the iodoform reaction with excess of a standard iodine 
solution and subsequent titration with thiosulphate [Kuhn & Roth, 1932]. 


Distilling apparatus 

The distilling apparatus consisted of a 150 ml. flask fitted with a ground glass 
stopper to which was sealed a delivery tube bent to form in one piece the con- 
denser tube of a Liebig condenser. By this means it was hoped to avoid loss 
of acetone around the stopper which might occur in an ordinary distilling flask 
with a side-tube. During distillation care was taken to keep water round the rim 
of the flask and its stopper to prevent loss of acetone by creeping into the ground 
glass joint. The condenser tube dipped into about 10 ml. of water contained in 
a 50 ml. receiver fitted with a stopper. The receiver was well cooled with crushed 
ice. Even with careful boiling the solutions were inclined to foam but the foam 
was successfully dispersed by placing a cylindrical coil of copper gauze in the 
neck of the flask. After collecting about 20 ml. of distillate and rinsing out the 
condenser tube, 10 ml. of 2N’ NaOH were added and then excess of standard 
iodine solution. After standing for at least half an hour 3 ml. of concentrated 
HCl were added and the excess iodine titrated with standard thiosulphate 


(N/10 or N/50). 
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Membrane equilibrium apparatus 


The membranes consisted of 11 ml. collodion sacs bound by thread to a 
piece of pressure tubing slipped over the end of the capillary tube of a glass 
stopcock. This tube passed through a rubber stopper situated between the tap 
and the sac. The sac containing the colloid was brought to equilibrium at 25° 
with several changes of acetone solution of the required strength. A crystal of 
thymol was always added and about 14 days were allowed for equilibrium to be 
established. 

Preparation of gum and glycogen 


The gum was prepared by dialysing 10% solutions against V/2 solutions of 
the chloride of the base required. The chloride was afterwards removed by 
dialysis in several changes of acetone solution as described above until no reaction 
with silver nitrate was obtained. 

The glycogen was kindly supplied by Dr F. G. Young who prepared it by 
extracting Mytilus edulis with 40% KOH and precipitating several times with 
alcohol followed by dialysis. 

Sampling technique 


Before sampling the tube with its sac was well cooled with ice. The contents 
of the sac after rejecting the first few drops were quickly squeezed into a 
weighing bottle and weighed. 10 ml. were quickly pipetted out and rinsed into 
the cooled distilling flask containing about 5 ml. of water and immediately 
distilled. The weighing bottle containing about 1 ml. of residual soiution, after 
reweighing was placed on a water-bath and finally dried in vacuo at 100° and 
weighed again in order to determine the concentration of the gum. 

A similar sampling technique was adopted for the outer liquid in the boiling- 
tube which was kept well stoppered and cooled in ice until samples had been 
taken. It was found inadvisable to use samples corresponding to more than 
10 ml. of M/60 acetone; so that solutions much more concentrated than this 
were diluted by weight with all precautions against evaporation and a weighed 
aliquot was taken for analysis. The samples of external liquid were added to the 
residual solution of gum in the flask left over from the previous distillation of the 
sample from the sac since it was felt that the conditions would then be more 
comparable. 

In spite of successive estimations of acetone agreeing to within 0-2°% when 
no distillation was performed the latter process seemed to increase the error to 
about 0-5%. This brings the error of the ratio of two such estimations to 1% 


Table I. Hydration of calcium gum 


Acetone Gum Hydration 
cone. % xij? per g. gum 
M 9-56 0-9219 +0-012 0-82 +0-12 
M/10 6-88 0-9379 +0-005 0-90 +0-08 
M/60 9-78 0-9213 0-80 
M/60 10-60 0-9290 0-67 
M/180 8-47 0-9202 0-94 
M/180 10-13 0-9068 0-93 
M/180 10-13 0-9049 0-94 
M/180 9-87 0-9210 0-80 
M/500 10-55 0-9255 0-71 
M/500 8-06 0-9557 0-55 


* This is the ratio of concentration of acetone in the gum solution to that in the outside 
solution calculated relative to the water. 
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and this variation in a 10% solution of gum corresponds to 10% hydration 
calculated on the dry weight of the gum. It is thus seen that the accuracy cannot 
be expected to be high unless the analytical technique is improved. 

From Table I which gives the results for calcium gum it will be seen that 
the average water of hydration is about 0-9 g. per g. of gum. The results with 
.M//500 acetone are lower. Although this could be explained by a slight adsorption 
of the acetone by the gum this does not seem likely since the apparent hydration 
of the gum remains constant (within the rather large experimental error) over 
a large increase in concentration of acetone. The large discrepancy between 
the two results with 7/500 acetone rather suggests that the deficiency is due to 
analytical uncertainty. 


Table II. Hydration of sodium gum 


Acetone Gum Hydration 
cone. % a }a” per g. gum 
M/60 7-78 0-9132 1-12 
M/60 8-31 0-9550 1-18 
M/180 6-58 0-9374 0-95 
M/180 3-10 0-9635 1-10 


Table IT gives results for sodium gum. The average hydration of 1-1 is about 
20% greater than for calcium gum, this may, perhaps be attributed to the 
ionization of the former compound being about twice as great as that of the 
latter, though whether this acts by a swelling of the gum molecule (mol. 
wt. =240,000) or by acetone molecules being unable to penetrate so far into the 
atmosphere of ‘‘gegenionen”’ is not clear. In contrast to this result Weber & 
Nachmannsohn [1929] found no difference in hydration between isoelectric and 
ionized albumin or serum globulin. These investigators used glucose as reference 
substance which was admittedly adsorbed and the results were calculated as 
“non-dissolving volume”’ of the colloid instead of on a weight basis. 

As a comparison results have been calculated for Na and Ca gums on the 
volume basis using the above author’s formula: 


Non-dissolving volume per g. of colloid y= a oi 
0 





where C, and C; are the concentrations per ml. of the reference substance in the 
outside solution and colloid solution respectively, and C=g. of gum per ml. of 


solution. 
In order to calculate these concentrations the specific gravities were inter- 


polated from data given by Briggs [1934]. 


Hydration 
Colloid V mil. perg.gum = g. per g. gum 
Albumin 1-0 — 
Serum globulin 1-4 — 
Ca gum arabic 1-62 0-93 
Na gum arabic 1-80 1-12 


It is not possible to estimate quantitatively the hydration from the non- 
dissolving volume of a colloid owing to the fact that the specific volumes of the 
colloid and of the bound water are not known. It is probable that the density 
of the latter is considerably greater than normal. However the much larger 
volume of gum arabic shows that it is more strongly hydrated than albumin. 

Gortner & Gortner [1934] obtained values of 0-6-0-7 for the hydration of 
calcium gum by the cryoscopic method and Gortner’s earlier work indicated 
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an amount greater than 1 so that the figures of these authors are in reasonable 
agreement with my own figures. 

It is of interest to calculate the water of hydration assuming that each 
oxygen atom of the gum holds 1 mol. of water by polar adsorption. The formula of 
the acid gum has been given by O’Sullivan [1884; 1890] as C,,H,,,0,,=2394 ; now 
74H,O = 1340 which makes the hydration 0-56 per g. The above molecule would 
contain two ionizable atoms of Na*. If it is assumed that these ionizing groups 
can bind a further 8 mol. of water each, the hydration per mol. will be increased 
by 16H,O=288 making the total hydration 0-68; this value still leaves some 
0-4 g. unaccounted for. It is impossible to say whether this is due to each 
oxygen atom binding on the average 2 mol. of water or to each ionizing group 
binding as many as 24 mol. of water. It seems that the former explanation is 
more likely though a combination of the two hypotheses would be better able 
to account for the difference in hydration of sodium and calcium gums. It may, 
however, be objected that the existence of layers of adsorbed water many 
molecules thick around ions would show greater variation with the concentration 
of the acetone owing to an increase of the penetration of the acetone molecules 
into the adsorbed layer. 


Particle volume of gum arabic 


In a previous paper [1936] the author has shown by osmotic methods that 
calcium gum has a “molecular weight” of about 240,000. The volume and 
diameter of the particle (assuming a spherical shape) calculated from this and 
the figures already given for the effective volume per g. of gum are as follows. 
There are also added figures for an unhydrated spherical particle with an 
assumed density of 1-1. 


Dimensions of single hydrated molecule 


Gum Volume mp* Diameter my 
Na 720 11-1 
Ca 650 10-7 
Unhydrated particle D=1-1 360 8-8 


Measurements of the diffusion coefficients appear to give figures very much 
lower than those presented here even when carried out in the presence of N/10 
electrolyte as has been shown by unpublished work of Miss S. Kronstein. 

The hydration of glycogen 


An experiment with glycogen gave the following results: 





Acetone Glycogen Hydration 
conc. % x’ [x” per g. 
M/180 14-15 0-9560 0-31 
M/180 11-0 0-9749 0-23 
Mean 0-27 


It will be seen that the hydration is less than a third of that of gum arabic. 
The author and Young [1936] have recently shown that glycogen has a very 
large particle weight (about 2 million). The low hydration is presumably 
connected with a close packing of the constituent parts of this particle whereas 
all the hydrophilic parts of a gum arabic particle may be accessible to the water. 
Greenberg & Greenberg [1933] did not detect any hydration for glycogen or for 
several other colloids as mentioned previously. 
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It is the author’s opinion that, while Greenberg and Cohn [1934] are correct 
in maintaining that the extent of hydration of colloids has been greatly over- 
estimated, yet the negligible hydration shown by their work errs in the opposite 
direction, perhaps for the reasons already suggested. 


SUMMARY 


1. The distribution of acetone across a membrane between 10% solutions of 
gum arabic or of glycogen and water has been determined analytically through 
a range of concentrations from M/1 to M/500 acetone. 

2. The following weights of ‘bound water” per g. of colloid have been 
calculated. Ca gum (arabic) 0-9+0-05, Na gum 1-1+0-05, glycogen 0-27 + 0-05. 
The results for gum arabic agree with those of Gortner obtained by the cryo- 
scopic method. 

3. The ‘“‘non-dissolving volume” in ml. per g. of gum has been calculated as 
1-6 for Ca gum and 1-8 for Na gum. 

4. The diameter of each “molecule” of gum assuming a mol. wt. of 240,000 
has been calculated as 11 my. 


I desire to express my sincere thanks to Prof. F. G. Donnan for his interest 
and help in the theoretical aspect of the subject and to Messrs Unilever Ltd. for 
a grant which enabled it to be carried out. 
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PREGNANDIOL, first isolated from human pregnancy urine by Marrian [1929], 
has now become a material of importance. Not only is it a starting material for 
the preparation of progesterone [Butenandt & Schmidt, 1934], but, since it is 
probably the excreted form of the hormone, its presence in the urine may be an 
index of progesterone production in the body. It is to these new interests that 
we owe the recent work of Venning & Browne [1936] and of Odell & Marrian 
[1936] who have investigated the separation of pregnandiol from butyl alcoholic 
extracts of urine. Venning & Browne isolated pregnandiolmonoglucuronide, 
also detected by Odell & Marrian, who investigated the conditions of hydrolysis 
of this compound. Butyl alcohol extraction is, however, difficult for large-scale 
operations and, failing access to suitable residues from the manufacture of 
oestriol from human pregnancy urine [cf. Remesov, 1935], an investigation has 
been made of the possibility of extracting pregnandiol from the by-products of 
the preparation of gonadotropic hormone. In the carrying out of this work 
British Drug Houses, Ltd. have given generous help by supplying material. 

It has been found that in the method of preparing gonadotropic hormone 
from urine by adsorption on benzoic acid [Katzman & Doisy, 1932], all the free 
and the greater part of the combined pregnandiol are adsorbed at the same 
time. In this present work the conditions of precipitation of the benzoic acid 
and the conditions of hydrolysis and extraction of the adsorbed material have 
been studied with a view to developing a method of recovery of pregnandiol on 
a large scale. 

EXPERIMENTAL 


Benzoic acid precipitation of the urine 

This part of the work, consisting essentially of the process of Katzman & 
Doisy [1932] for the isolation of gonadotropic material from urine of pregnancy, 
was carried out by British Drug Houses, Ltd. 1 kg. of sodium benzoate was added 
to each 45 1. of urine and, after adjusting the pH to approximately 3-6 by addi- 
tion of HCl, the precipitated benzoic acid was collected. This precipitate was 
then stirred into 5 1. of acetone, the gonadotropic material was removed and the 
benzoic acid and other acetone-soluble material was recovered by evaporation of 
the filtrate. This benzoic acid residue and the benzoic acid-treated urine filtrate 
were placed at our disposal. 


A. Benzoic acid residues 


Extraction of free pregnandiol. The free pregnandiol was extracted directly 
from an alkaline solution of the crude benzoic acid. Toluene was chosen as the 
most suitable extractant on the grounds of its insolubility in water and com- 
parative non-inflammability. 
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The crude benzoic acid was dissolved in a slight excess of NaOH (41. of 1% 
per kg. benzoic acid) and then extracted in a 121. continuous liquid-liquid 
extractor in which the aqueous phase was kept at 65-70° and was continuously 
stirred. Extraction of 300 mg. of pregnandiol from such a solution was complete, 
under these conditions, in 4 hours. All subsequent work was carried out in this 
apparatus using a standard extraction time of 8 hours. 

The toluene extract was diluted to 3 1. and, after washing once with 500 ml. 
of 2N NaOH and four times with 400 ml. of water, it was evaporated under 
reduced pressure. The semi-crystalline residue was refluxed 5-10 min. with 
light petroleum and the mixture was placed in the ice-box for 4-5 hours. 
Recrystallization of the petroleum-insoluble material from acetone yielded 
pregnandiol melting at 231—234° which on recrystallization from ethyl alcohol 
melted at 237-237-5°. Using this technique, it was possible to obtain 90-150 mg. 
pregnandiol per kg. benzoic acid, equivalent to 2-3-3 mg. per 1. of original urine. 

Isolation of pregnandiol present in combination. Isolation of the pregnandiol 
present in combined form in the benzoic acid residues involved hydrolysis in 
order that it might be converted into the free, toluene-soluble form. On the 
basis of the work of Cohen & Marrian [1935] for the hydrolysis of combined 
oestriol in pregnancy urine, it appeared probable that autoclaving or boiling the 
material at pH 1-0 for 2 hours might prove satisfactory. Preliminary experi- 
ments soon showed that further study was necessary to determine the optimum 
conditions for hydrolysis. 

The free pregnandiol was removed from 2-7 kg. of crude benzoic acid residues 
and the residual material, recovered on acidification of the extracted sodium 
benzoate solution, was divided into three equal parts. Each was suspended in 
91. of HCl of suitable strength and hydrolysis was carried out. In each case, 
after removal of the liberated pregnandiol, the residue was rehydrolysed. The 
conditions of hydrolysis and yields of pregnandiol (M.P. 231-234°) obtained are 
given in Table I. 





























Table I. Yields of pregnandiol on hydrolysis at 100 and 120° 








Strength Total 

of acid Time Yield yield 
Batch N Treatment hours mg. mg. 
I 0-12 Autoclaved 120° 2 100 — 
Residue I 0-12 Re-autoclaved 120° 2 21 121 
II 0-25 Autoclaved 120° 2 150 = 
Residue IT 0-25 Boiled 2 74 224 
iil 0-25 Boiled 4 226 os 
Residue IIT 0-25 Autoclaved 120° 2 e 233 










These results indicated that boiling rather than autoclaving the acidified 
material gave the better yields, and that a higher concentration of acid was 
required than was previously supposed. Hydrolysis of the crude benzoic acid 
residues was then studied, since a great deal of labour would be saved if this 
material could be processed directly without preliminary removal of the free 
pregnandiol to prevent its destruction. 

A uniform mixture of 7 kg. of crude benzoic acid residues was divided into 
seven portions. Five of these were severally suspended in 101. of HCl of suitable 
strength, and hydrolysis was carried out. In the case of the sixth portion, the 
free pregnandiol was first removed and the residue was treated similarly to the 
other samples. The conditions of hydrolysis and yields of pregnandiol (M.P. 231- 
234°) of each batch are given in Table II. 
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Table II. Yields of pregnandiol under varying hydrolytic conditions 


Strength 

of acid Time Yield 

Batch N Treatment hours mg. 

I 0-30 Autoclaved 120° 2 100 
II 0-12 Boiled 2 125 
Tit Boiled 4 186 
IV Boiled 2 241 
4 
2 
g. 


> 
~ 


# O29¢ 
ton bo 
HOA Sv 


V Boiled 236 
VI* Boiled 126 (233) 


Free pregnandiol previously removed = 107 m 


As a control the pregnandiol sodium glucuronate was isolated from 100 g. 
of the remaining sample by the method of Venning & Browne [1936]. Since full 
experimental details are lacking in their paper the modified procedure adopted is 
described in full, as follows. 

The crude benzoic acid was taken up in excess of 2N NaOH and the 
solution was made just acid to litmus by addition of HCl. After dilution to 2 1., 
it was extracted three times with 400 ml. portions of butyl alcohol, these extracts 
being combined and washed twice with 200 ml. of V/3 NaOH and twice with 
200 ml. portions of water. The butyl alcohol was removed under reduced 
pressure, the residue was taken up in 5 ml. of water, and 200 ml. of dry acetone 
were added. After standing overnight, the acetone-insoluble material was 
centrifuged off and, on dissolving in alcohol and taking to dryness under nitrogen, 
it gave a white, crystalline residue weighing 34-6 mg. and melting with decom- 
position at 265-266°. Recrystallization from ethyl alcohol gave the pure 
glucuronate which melted with decomposition at 270-272°. This quantity 
represented a pregnandiol content of 15-17 mg. or 150-170 mg. of combined 
pregnandiol per kg. of benzoic acid. 

From these experiments it is seen that boiling the crude benzoic acid residues 
with 0-25 N HCl for 2 hours yields practically all the possible pregnandiol. It is 
evident that under these conditions the destruction of free pregnandiol is slight, 
since an increase in the time of boiling to 4 hours resulted in practically no 
decrease in the yield. These conditions of hydrolysis are more drastic than those 
recommended by Odell & Marrian for partially purified butyl alcoholic extracts. 
Using this technique, it was possible to obtain regularly yields of 235-440 mg. 
pregnandiol (M.p. 231—234°) per kg. of benzoic acid, equivalent to 5-10 mg. per 1. 
of original urine. Recrystallization from ethyl alcohol gave pure pregnandiol 
melting at 237-237-5°, [«]2%,+30-4°, [«]?°+27-4° in ethyl alcohol (/=4, 
c=0-493 %). 

Adsorption of combined pregnandiol by benzoic acid. The effects of varying 
conditions on the adsorption of combined pregnandiol by benzoic acid were 
studied, and comparison of the yields of pregnandiolglucuronide was made with 
that obtained by the method of Venning & Browne. Seven 1 1. lots were taken 
from a composite sample of pregnancy urine (6th-8th months) and, after the 
addition of 25 g. of sodium benzoate to each, HCl was added to give the following 
values of pH: (a) 4:6; (b) 4-0; (c) 3-5; (d) 2-5; (e) 2-0; (f) 1-5; (g) 1-0. After 
standing for 2 hours, with occasional shaking, the precipitated benzoic acid was 
filtered off and the pregnandiolglucuronide isolated as its sodium salt by the 
method already described. The following yields of acetone-insoluble material 
were obtained: (a) 22 mg.; (b) 21 mg.; (c) 35mg.; (d) 38mg.; (e) 41 mg.; 
(f) 35 mg.; (g) 82 mg. All were crystalline white solids except (g) which was 
amorphous. (a) and (b) melted (with decomposition) at 256-258", (c), (d), (e) and 
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(f) at 266-268°, while (g) had not melted at 295°. While recrystallization of 
(f) from 10 ml. of ethyl aleohol gave 12 mg. of pure glucuronide (m.P. 270-271°) 
similar treatment of (g) gave a very small amorphous precipitate. From this it 
was concluded that (g) contained little, if any, pregnandiolglucuronide. The 
results are shown graphically in Fig. 1. 


48 


mg. of 
pregnandiolglucuronide isolated 


30 
pH 


Fig. 1. Adsorption of pregnandiolglucuronide by benzoic acid. 


From this graph it is seen that maximum adsorption of the glucuronide 
occurs between pH 2-5 and 2-0. 

As a control 1 1. of the same batch of urine was extracted directly with butyl 
alcohol and the acetone-insoluble material, on taking to dryness from alcoholic 
solution, gave a yellow glass weighing 112 mg. Recrystallization from ethyl 


alcohol gave 38 mg. of the crude glucuronate melting with decomposition at 
264° (sintered 260°) 


B. Urinary filtrate 


Isolation of pregnandiol. Attention was next turned to the urine filtrates 
from the initial benzoic acid treatment. In many cases no free pregnandiol 
could be isolated by toluene extraction of this material after it had been made 
alkaline with NaOH, the highest yield of free pregnandiol obtained being 0-8 mg. 
per |. of urine. On the other hand 1-2 mg. pregnandiol per litre were present in 
the combined form. 

Attempts to liberate the combined pregnandiol from these urine residues by 
direct hydrolysis gave unfavourable results. It was necessary to add a con- 
siderable excess of HCl above that amount required to adjust the pH to 1-0; 
otherwise a rise in pH occurred on boiling, due to hydrolysis of the urea present. 
In all such experiments the final product, recrystallized from acetone, melted at 
215-218°, and repeated crystallization from this solvent or from ethyl alcohol 
failed to raise its melting-point, although a mixture with pure pregnandiol 
melted from 215 to 230°. Subsequent work showed it to be a mixture of preg- 
nandiol and allopregnandiol [Hartmann & Locher, 1935]. 

Repetition of the benzoic acid adsorption removed the remainder of the com- 
bined pregnandiol from the urine filtrate and on hydrolysis 1-2 mg. more preg- 
nandiol per litre of urine were obtained. Attempts to concentrate the urine in an 
open steam pan led to destruction of the pregnandiol. This is illustrated by the 
following experiment. 

200 1. of residual urine, after the first benzoic acid adsorption, were divided 
into two 1001. batches, one being processed directly, the other being con- 
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centrated in an open steam pan to 251. 1 kg. of sodium benzoate was added 
to each of two 401. batches of the unconcentrated urine, the mixture was 
acidified to pH 2-0 and the benzoic acid was filtered off. After hydrolysis by 
boiling for 2 hours with 10 1. of 0-25 N HCl the freed pregnandiol was isolated in 
the manner already described except that the washed toluene residue was re- 
crystallized directly from acetone since it contained no petroleum-soluble 
fraction. Yields of 67 and 62 mg. pregnandiol were obtained. Repetition of 
this procedure using two 101. lots of the concentrated urine failed to yield any 
pregnandiol. 

Isolation of allopregnandiol. 900 mg. of low-melting material (m.P. 215-218°) 
from the acid hydrolysis of the urinary residues were acetylated and the product, 
on crystallization from ethyl alcohol, yielded 560 mg. crude pregnandiol diacetate 
(m.P. 172-174°) which on recrystallization from alcohol melted at 179-180°, 
[x] 2, +42-5°, [x] 3° +34-3° in benzene (l=4, c=0-514%). Attempts to obtain 
further crystalline material from the mother-liquors using methyl alcohol or 
hexane as the solvent were unsuccessful. The residual acetates were therefore 
saponified by refluxing for half an hour with 5°% methyl alcoholic KOH, diluted 
with water and ether-extracted. An ether-insoluble fraction was obtained which 
on recrystallization from aqueous alcohol yielded 121 mg. allopregnandiol 
melting at 241-243°. After recrystallization from methyl alcohol this had m.p. 
243-245°, [x] °+20°, [«]7%°+17° in ethyl alcohol (J=4, c=0-148%); the 
diacetate had m.P. 139-5-140-5°, [«]?3,+21°; [«]#°+18° in benzene (J=4, 
c=0-408%). On taking the ether extract to dryness a white solid melting at 
190-200° was obtained which on recrystallization from acetone gave crystals 


melting at 212—220°. 
DISCUSSION 


The method described for the isolation of pregnandiol from pregnancy urine 
consists essentially of the concentration of the free and combined diol by 
adsorption on benzoic acid at pH 2-5-2-0. After acid hydrolysis of the combined 
material the pregnandiol is extracted from an alkaline solution of the adsorbate 
with toluene and separated from the other toluene-soluble material by washing 
with light petroleum and crystallization from acetone. 

This process is particularly well suited for the handling of urine containing 
pregnandiol in small amount only, which is commonly the case with bulk 
collection. Concentration of the pregnandiol by benzoic acid adsorption is much 
less laborious and much cheaper, on a large scale, than extraction of the urine 
with a solvent such as butyl alcohol. While initial concentration of the urine 
would help to overcome this objection, such treatment would destroy the gonado- 
tropic material, the other valuable product of the benzoic acid process. Further, 
if concentration is carried out at 100° destruction of the pregnandiol also takes 
place. Whilst extraction of the hydrolysed material is necessary, it is carried out 
on a greatly reduced volume of material and employs a much more economical 
solvent than butyl alcohol. 

Attempts to isolate the pregnandiolglucuronide from the benzoic acid 
adsorbate proved unsuccessful unless the butyl alcohol extraction method of 
Venning & Browne was used. The acetone-insoluble material obtained by such 
treatment gave, on evaporation from an alcoholic solution, a crystalline residue 
of the crude sodium salt which melted at 266-268°. On the other hand the 
acetone-insoluble material, obtained by direct butyl alcohol extraction of the 
urine, on evaporation from alcoholic solution invariably yielded an amorphous 
residue or glass which required recrystallization from alcohol in order to obtain 
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the crystalline glucuronate. The final yields of crystalline product were about the 
same in each case. These findings indicate that preliminary benzoic acid treat- 
ment of the urine may prove of use for the quantitative measurement of the 
pregnandiolglucuronide present and this matter is being investigated further. 


SUMMARY 


The greater part of the pregnandiol, both free and combined, is removed 
from human pregnancy urine by adsorption on benzoic acid, the optimum 
reaction being between pH 2-5 and 2-0. 

The combined pregnandiol thus adsorbed is best hydrolysed by boiling with 

' 0-25 N HCl for 2 hours. 

Pregnandiol appears to be destroyed by evaporation of the urine at 100° in 

an open vessel. 


The author wishes to express his gratitude to Dr R. K. Callow for his con- 
tinued interest and advice throughout this work. 
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In continuation of previous studies of factors influencing the production of 
dietary fatty livers in rats, Channon & Wilkinson [1936] investigated the degree 
to which certain fats of widely varying chemical composition and physical 
properties accumulated in the livers when fed as 40% of a diet which was low 
in choline (choline intake about 1-5 mg. per rat per day) and which contained 
alcohol- and ether-extracted caseinogen 5, glucose 45, marmite 5, salt mixture 
5 parts with 1 drop of cod liver oil per animal every 3 days. This work was under- 
taken in the first place in order to obtain information concerning the nature of 
the fatty acids which appeared in the liver under these different conditions and 
because knowledge of this kind should provide evidence as to the effect of the 
chemical nature of the food fat in fatty liver production. The results as far as 
the fatty liver problem is concerned are recorded by Channon & Wilkinson in 
the communication already cited. 

The work described in the present paper deals in detail with the composition 
of the carcass fats of the rats in each of the six groups to which the different fats 
were fed, and it was carried out with three principal objects in view: (1) to 
determine whether the intensity of the fat infiltration in the liver is governed 
by the amount of depot fat deposited on the different diets, (2) to compare the 
composition of the carcass fat with that of the liver in the various groups and 
(3) to investigate in detail how the carcass fat of the rat is affected by including 
in the diets fats of very varied composition. 


EXPERIMENTAL 


The details of the feeding of the animals, with their food intakes and body 
weights, have already been published [Channon & Wilkinson, 1936]. Each 
group of 10 animals was given either beef dripping, palm oil, olive oil, cod liver 
oil, butter fat or coconut oil as 40% of its diet. After 14 days the rats were 
guillotined and their livers and alimentary canals removed. The carcasses from 
each group were pooled and covered with 5° aqueous NaOH in well-stoppered 
vessels and stored in the ice-chest. The body ‘“‘fat” was then obtained by 
digestion of the carcasses with alkali at 100° until tissue disintegration was 
complete, followed by exhaustive extraction of the acidified liquor with benzene. 
The benzene was then evaporated to dryness and the fat freed from some non- 
fatty material by keeping in petroleum overnight. The evaporated petroleum 
filtrate was resaponified with alcoholic KOH and the fatty acids and un- 
saponifiable matter were separated in the usual way. Total weights, mol. wt. and 
1.v. of the fatty acids were then determined and are recorded in Table I, where are 
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Table I. The amounts of fatty acids obtained from the carcasses in each 
group compared with the lipoid contents of the livers 
Total Lipoids 


Wt. of Wt. of Fatty lipoids in liver Mean 
carcass fatty acidsin in1l00g. of 100g. mol. wt. Lv. of 


(10 rats) acids carcass liver rat of carcass carcass 

Fat in diet g. g. % g. g. acids acids 
Beef dripping 1537 225 14-6 27-0 1-22 275 67-6 
Butter fat 1534 171 11-1 30-7 1-46 277 65-7 
Cod liver oil 1371 153 11-4 7-2 0-26 285-5 85-5 
Olive oil 1489 220 14:8 15-6 0-53 280 77-7 
Coconut oil 1460 191 13-1 20-5 0-80 270 59-2 
Palm oil 1477 151 10-3 26-35 1-17 283 68-8 
Control 1142 113 9-9 ee — 274 70-0 


presented for comparison the yields previously obtained from the livers. The 
unsaponifiable matter amounted to 0-2-0-3% of the carcass weight in each 
group. 

Analysis of the acids 


The absence of acids lower than decanoic. As butter fat and coconut oil both 
contain significant amounts of lower acids, it was necessary to find whether any 
of the latter were present in the carcasses of the groups to which these fats were 
fed. Consequently in these two cases after each saponification referred to above 
the solution was acidified with H,SO,, saturated with K,SO, to salt out any 
lower acids which might be present and thoroughly extracted with petroleum. 
An aliquot of the extract containing some 5 g. of fatty acids was again saponified 
with alcoholic KOH, acidified with H,SO, and the Reichert-Meissl value deter- 
mined. In the coconut oil and butter groups the values were found to be 1-3 
and 0-8 respectively, i.e. of the usual order for fats containing no measurable 
amounts of acids lower than decanoic. 

The preparation of the methyl esters for distillation. The mixed fatty acids 
from each group were separated into liquid and solid fractions by the Twitchell 
process as modified by Hilditch & Priestman [1931]. Known amounts of the 
two fractions were then esterified (methyl alcohol-HCl) and the resulting esters 
tested to ensure that no free acid remained. 

The absence of liquid saturated acids. As the presence of liquid saturated 
acids in cat’s kidney has been reported by Turner [1931], it was thought essential 
to discover whether any measurable amount of such acids existed in the car- 
casses of the rats used in the present work. For this purpose a sample of the 
liquid acid fraction from the beef fat group was hydrogenated. 1-38 g. (I.v. 89-9) 
yielded on hydrogenation 1-3 g. (1.v. 1-9). As this product melted at 62°, it 
could not have contained any detectable amount of liquid saturated acid. 

The presence of oleic and linoleic acids. A small portion of the liquid acids 
from each group was oxidized by the method of Lapworth & Mottram [1925]. 
In each case di- and tetra-hydroxy-derivatives were isolated and identified, thus 
establishing the presence of oleic and linoleic acids in each fat. In the case of 
the cod liver oil group, for example, 2-18 g. of the liquid acid fraction yielded 
0-82 g. dihydroxystearic acid (mol. wt. 315, M.p. of crude product 126°) and 
0-11 g. of the tetrahydroxy-derivative, the fraction of the latter least soluble in 
ethyl acetate melting at 172°. These yields correspond to the presence of 26% 
oleic and 3 % linoleic acid in the original mixture. It is well established, however, 
that in cases such as this the yields of hydroxy-acids are always much below 
theory. Consequently the figures for oleic and linoleic acids found by oxidation 
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were very much lower than the corresponding values obtained by fractional 
distillation. In the present case the latter were 38 and 11 (maximum) re- 
spectively. The oxidation thus confirmed the distillation results in proving that 
both oleic and linoleic acids were present and that the former greatly exceeded 
the latter in amount. Oxidation of the liquid acids from the other five groups 
gave similar results. 

The distillation of the methyl esters. The methyl esters of both the liquid and 
solid acids from all six groups were now subjected to fractional distillation 
in vacuo. Each fraction was saponified and traces of unsaponifiable matter were 
removed and the 1.v. and mol. wt. of the acids determined. For the saturated 
mixtures the method of calculating the composition was based on the assumption 
that each fraction consisted of only two even-numbered saturated homologues, its 
small 1.v. (if any) being due to oleic acid. As examples, the details of the entire 
process, together with the calculated compositions of the mixed solid acids from 
the palm and coconut oil groups, are recorded in Tables II and III. 


Table II, Fractionation of saturated esters from palm oil group 
































B.P. at Total 
4mm. Wt. of saturated tr.v. Mol. wt. Composition (%) 
up to esters esters of of ~ 
Fraction 7. g. % acids acids Cy Cy Cig Coo Coz Oleic 
1 151 2-78 6-64 0-2 255 0-2 6-4 _ — = = 
2 157 4-83 11-53 05 2535 12 10-2 —_— — — Ol 
3 158 ~=:11-90 28-41 1-2 258 — 26-0 2-0 — _— 0-4 
4 159 3-48 8-31 13 261 — 6-7 1 — — Ol 
5 160 6-03 14-40 1-7 262 _— 11-1 3-0 — — 0-3 
6 162 5-43 12-96 40 273-5 — 4-9 7-5 —_— —_— 0-6 
7 164 4-53 10-81 59 277 — 2-5 7606=— — 07 
Residue = 2-91 695 17:2 315 -- — 34 22 1:3 
Total — 4189 1001 — — 4 679 216 34 22 35 
% of total - 0-4 19-9 63 10 0-7 1-0 
mixed acids 
Table III. Fractionation of saturated esters from coconut oil group 
B.P. at Total 
4mm. Wt. of saturated 1.v. Mol. wt. Composition (%) 
upto esters esters of of ¢ ; 3 
Fraction C. g. % acids acids Cy, Cy6 Cis Coy Oleic 
1 122 2-93 6-59 0-2 236 4-7 1-9 — — Trace 
2 130 3-04 6-84 0-1 229 6-6 0-2 _— — Trace 
3 140 4-00 9-00 0-5 240 5-1 3-9 — — Trace 
4 148 7:37 16-59 0-8 248 4:7 11-7 — — 0-15 
5 150 7-88 23-29 1-1 261 —_ 14-6 3-1 — 0-2 
6 152 10-34 8-87 2-8 263 — 17-8 4:8 — 0-7 
7 163 3-94 11-11 9-5 267 — 5-4 2-6 — 0-9 
Residue 4-94 as 175 204 — at 48 41 22 
Total — 44-44 = — — 21-1 55-5 15-3 4-1 4-15 
% of total ~ 6-8 18-0 5-0 13 1-4 


mixed acids 


For the liquid acids the method of arriving at the composition was not so 
simple. In the first place where some of the earlier fractions resulting from the 
distillation appeared to contain some solid acid, the Twitchell separation was 
again carried out. In Table IV, for example, it will be seen that fractions 1-4 
were treated in this way. The nature of the solid acids so obtained was then 
deduced by making assumptions already used for the large solid fractions (Tables 
II and III). In the second place, by use of its 1.v., the mol. wt. of each liquid 
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fraction was calculated as though it had been fully saturated. Then from the 
figures so obtained and the assumption that, if hydrogenated, each fraction 
would contain only two even-numbered homologues, it was possible to determine 
how much unsaturated C,,, Cig, Coo or Cy. acid was originally present. 

By this means the values obtained for the total amount of C,, unsaturated 
acids present in the original mixture may be considered reliable within the usual 
limits of the fractional distillation process, but owing to the fact that several 
Cy) compounds with different degrees of unsaturation may have been present, it 
was impossible to arrive by calculation at the true proportions of the two Cj, 
acids, oleic and linoleic. It was therefore decided to calculate the maximum 
amount of linoleic which could possibly have been present by assuming that all 
the unsaturated C,) acid possessed the minimum of one double bond. From the 
bromination experiment recorded later, it is quite clear that the Cy) acids 
possessed on the average more than one double bond and so the amounts of 
linoleic acid actually present must have been less than those quoted in Tables IV 
and V, but as the maximum figures are themselves so low, any further alteration 
in this direction makes little difference, if any, to the final interpretation of the 
results. 

For reasons which will now be given, the presence of palmitoleic acid was 
assumed in certain cases. In Table IV it is seen that fraction 1 gave rise to 
liquid acids having mean mol. wt. 247 and 1.v. 78-1. As no liquid saturated 
acids were present and as the properties of the mixture could not be explained 
by the presence of either oleic or tetradecenoic acid, the observed figures 
appeared to be due to a mixture of palmitoleic and myristic acids, an assumption 
which satisfies both 1.v. and mol. wt. 

To confirm the presence of a lower unsaturated acid in the earlier fractions 
such as this, oxidation experiments were carried out in some instances. A 
typical example was that of the first fraction from the distillation of the un- 
saturated acids from the beef fat group. 3-02 g. (1.v. 85-0; mol. wt. 263) on 
oxidation [Lapworth & Mottram, 1925] yielded 1-6 g. of dihydroxy-derivatives 
having mean mol. wt. 303 and M.P. 123-125°. As C,,H,,0, and C,,H;,0, have 
mol. wt. 316 and 288 respectively, it is justifiable to assume that the original 
mixture consisted mainly of oleic and palmitoleic acids, together with a small 
amount of saturated acid. 

Further difficulties arose as to how the composition of some of the small 
fractions of the liquid acids should be calculated, but these were largely over- 
come by methods which can be regarded as substantially reliable. One example 
will serve to illustrate this. Reference to Table V shows that when the fourth 
fraction was subjected to the Twitchell separation, the less saturated portion 
had mean mol. wt. 244 and 1.v. 63-0. As the mixture had passed through the 
Twitchell process, any measurable amount of saturated acid present would be 
lower in the series than palmitic which always passes readily and almost com- 
pletely into the more saturated fraction. To discover the nature of the saturated 
and other acids present, 2-085 g. of the mixture were oxidized [Lapworth & 
Mottram, 1925] giving 0-9 g. dihydroxy-derivatives. As these had mean mol. wt. 
304 and m.p. 124°, oleic and palmitoleic acids must have been present in the 
original fraction. A little tetrahydroxystearic acid was also obtained at the same 
time, but it corresponded to an amount of linoleic acid too small to affect the 
calculation of the final composition for the mixture as a whole. 1-1 g. of the 
petroleum-soluble material from the oxidation just described were now carefully 
oxidized by the Bertram process as modified by Hilditch & Priestman [1931], 
giving 0-74 g. saturated acid (mol. wt. 229-5). From these findings it may safely 
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be concluded that the particular fraction under discussion consisted mainly of 
myristic, palmitoleic and oleic acids. 

This experiinent was typical of several carried out in different cases to con- 
firm the methods adopted for calculating the composition of the fractions 
concerned. The type of difficulty which it was hoped to solve by these means 
occurred mainly in the smaller initial fractions from the distillation processes, 
and in most instances, therefore, possible minor errors in the assumptions made 
could not have materially affected the deduced final composition. 

The presence of higher unsaturated acids. The results of the various analyses 
which are summarized in Table VI show that the carcass fats from each group 
contained 7-14 °% of higher unsaturated acids. To confirm the presence of such 


Table VI. The fat of the diet compared with that of the carcasses 

















(a) =dietary fat. (6) =carcass fat. 
Beef dripping _— Palm oil Olive oil Cod liver oil Butter Coconut oil 
c ; ih ‘ F % c ii \ Cc ; BY si a 
Group 1(a) (b) 2(a) (b) 3(a) (b) 4(a) (b) 5(a) (b) (a) (bd) 
Up to € Set ote ile". © abet Eiceane z > Se vo = i oe 
Decanoic - 2-2 _ 7-2 0-9 
Lauric — — _ 0-1 = —- a —- 4-0 0-1 48-0 78 
Myristic 4:5 1-1 4-1 2-1 1-1 0-1 4:8 16 10-4 35 175 8 13-4 
Palmitic 30-6 22-7 40-1 20:8 9-7 17-1 64 156 261 25-9 90 181 
Stearic 19-1 6-2 4-4 6-9 1-0 4-0 0-2 5-4 6-5 4-2 2-1 5-0 
** Arachidic”’ 0-1 1-6 _- 1-0 - 0-7 “= 2-5 —_ 1-5 —_ 1:3 
Behenic — — — 0-7 --- 0-5 -_ 
Total saturated 543 316 486 31:6 11-8 224 114 25:1 55:0 35:2 92-2 465 
acids 
Palmitoleic —_ 2-5 — 4:7 ~- 42 16-2 9-5 — 5-0 — 3-1 
Oleic 42-7 525 415 37-1 798 49-4) 30-6 38-4 41-9 40-1 5-7 = 315 
Linoleic 3-0 2-6 9-9 8-8 5 7:3) 16-6 4-1 6-0 26 10-4 
Cy) unsaturated — 10-5 _— 14-0 _— 13:8 30-2 11:8 — 10-3 _ 6-9 
acid 
C.. unsaturated — _ —_ — —_— — 10-5 2-7 — — — — 
acid I se meee a had ; 
Total unsaturated 45-7 67:9 514 646 863 747 880 73:0 460 61-4 8-3 91-9 
acids 
1 Banks & Hilditch [1931]. 2 Hilditch & Jones [1931]. 3 Hilditch & Jones [1932]. 
4 Guha et al. [1930]. ® Hilditch & Sleightholme [1930]. ® Collin & Hilditch [1928]. 


acids in the rat carcass, 21-81 g. of mixed fatty acids from the carcasses of an 
entirely separate group of animals chosen at random were brominated in ether 
at 0°. The ether-insoluble bromo-derivatives weighed 1-645 g. and contained 
67-1°% Br. This corresponds to the presence in the original mixture of 2.5% of 
higher acids having mean 1.v. 324, and as the yield in such an experiment is 
always very much ‘below theory, the amount actually present must have been 
considerably greater than the bromination experiment would suggest. The 
presence of these higher acids in appreciable amounts is therefore confirmed. 

Since the methods used for detailed analyses of the fat from the beef dripping, 
cod liver oil, olive oil and butter fat groups were very similar to these recorded 
in Tables II—-V, the final results only in these cases have been recorded. In 
Table VI therefore the composition of the carcass fat from each group is com- 
pared with that at present ascribed to the corresponding dietary fat. 

The effect of coconut oil in the diet on the fatty acids of the liver. Channon & 
Wilkinson [1936] analysed the phosphatide and glyceride fatty acids of the 
livers from each group by separating them into solid and liquid fractions by the 
modified Twitchell process followed by the determination of mean I.v. and 
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mol. wt. As still more detailed information was required, it was decided to 
extend the investigation in the case of one of the six fats to include a complete 
analysis of the liver acids by fractional distillation so that the effect of diet on 
liver fatty acids might be studied more closely and might be compared in detail 
with the corresponding effect on the carcass fat. It was also hoped that the 
presence of any lower unsaturated acids might be revealed. 

For this purpose 72 rats were given the same 40% fat diet for 21 days, the 
fat used being coconut oil. The animals were then guillotined, their livers dis- 
sected out and pooled, the liver fatty acids being obtained as usual in this 
laboratory. 378 g. of liver yielded 30-2 g. of fatty acids or 7-95% of the liver 
weight—a figure which is less than half that (18-6°%) obtained previously 
[Channon & Wilkinson, 1936]. Although the livers were actually fatty, the 
reason for the much lower figure obtained in the present case is somewhat 
obscure. 

28-96 g. of the acids were separated by the Twitchell process and the two 
fractions esterified and distilled. Owing to the very much smaller amount of the 
acids which was available in the present case for fractionation, it was somewhat 
more difficult to deduce the exact composition of some of the fractions than it 
was in the case of the carcass fats, but by methods resembling those already 
described, the approximate composition was arrived at. The carcass fatty acids 
were then also analysed, the results for both being compared below. 

Saturated Unsaturated 


Y 7 ee. 
Lino- 


Cyo Cys Cys Cy. Cys Coo Cyg Oleic leic “Cy” 
Liver acids -- 7-2 8-7 23-5 10-0 0-3 3-5 16-9 3-1 25-2 
Carcass acids 1-2 17-2 13-8 13-4 3-7 0-9 7-4 30-3 3-2 6- 








c 
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When the composition of the carcass fat in the previous coconut oil group 
(Table VI) is compared with that deduced in this latter experiment, it is seen 
that the influence of the diet has been even greater in the second case than it 
was before in that the percentage of lauric acid is more than doubled. This 
is probably due in part at any rate to the fact that the diet in the latter experi- 
ment was fed for 21 days instead of 14 days. 


Discussion 


Comparison of the total fatty acids present in the livers and carcasses. The 
percentage contents of fatty acids in both livers and carcasses are recorded in 
Table I. The lowest percentage of liver fat, 7-2°%, occurred in the cod liver oil 
group in which the percentage of carcass fat was 11-4%. In contrast in the 
palm oil group, in which the carcass fat was 10-3 %, the liver contained 26-3 °4— 
more than three times as much as that of the cod liver oil group. Similarly the 
highest liver fat, 30-7°%, was found in the group receiving butter, in which the 
carcass fat was almost the lowest of the series (11-1 °%). These results show there- 
fore that there was no apparent relationship between the total body fat of the 
animal and the percentage of fat in its liver under the conditions of these experi- 
ments in which pooled tissues were used, thus confirming the earlier work of 
Channon & Wilkinson [1934]. 

As already stated, Channon & Wilkinson [1936] subjected the phosphatide 
and glyceride fatty acids of the livers from each group to the Twitchell process 
and recorded the mol. wt. and 1.v. for the fractions so obtained. Corresponding 
data have now been collected for the carcass fatty acids and so comparisons 
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between them may be made. The carcass fatty acids must, of course, have cen- 
tained phosphatide acids as well as those from the glycerides of the “‘depots’’, 
but the former would constitute only a small portion of the whole and their 
tendency would be to cause slightly higher mol. wt. and 1.v. than the ‘‘depot” 
acids would have possessed by themselves. The various values obtained are 
compared in Table VII. Owing to the fact that the Twitchell separation in the 
case of the coconut oil group was exceedingly unreliable, owing to the relatively 
large amounts of lower acids present, it is impossible to include this group in the 
immediate discussion which follows. The values are, however, put on record with 
the others in Table VII and it should be noted that the unreliability of the 
Twitchell process in this particular case did not in any way detract from the 
accuracy of the final analysis as obtained by fractional distillation (Table VI). 

Reference to Table VII (e-a) shows that very similar proportions of saturated 
acids occurred in the liver glycerides and in the carcass fat, and that the mean 
mol. wt. of these acids (f—b) were close, except in the case of the cod liver oil 
group. It therefore appears that the saturated acids occurring in the glycerides 
of the dietary fatty livers are in general similar both in proportion and in nature 
to those of the “‘depot” fat. At the same time it is fully realized by the authors 
how difficult it is to base deductions as to the relative nature of fatty acid 
mixtures on mean mol. wt. alone, but taking the results as a whole it is quite 
clear that this general tendency existed. 

As far as the unsaturated glyceride acids are concerned a constant difference 
(g-c) was found in three cases, but in the others the variations were irregular. 
It therefore seems that the composition of the unsaturated acids of the liver 
glycerides differed markedly from that of the carcass unsaturated acids and to 
an extent which varied with the diet. 

When the liver phosphatide fatty acids are compared with those of the 
carcass, no relationship is found to exist between either the percentages or the 
mol. wt. of the saturated fractions. Both varied irregularly. In the unsaturated 
acids on the other hand there were four cases where the 1.v. were greater than 
those of the carcass acids (I-d) by an almost uniform amount and in three of 
these four cases moderately uniform differences also occurred in the mol. wt. 
(k-c). It is extremely difficult to decide the significance of these results. 

In one case, that of coconut oil, the total liver fatty acids have been analysed 
and compared with those of the dietary fat (p. 47). As would be expected, 
there were still relatively large amounts (25%) of higher unsaturated acids in 
the livers, but there were also present 7% of lauric and 9% of myristic acid, 
due directly or indirectly to the diet. From the comparisons which have already 
been made above it is most probable that these two lower acids were in the 
glyceride fraction of the liver fat. 

The proportion of saturated and unsaturated acids in the dietary and carcass 
fats. A comparison between the amounts of saturated acids of the body fats and 
published figures for the dietary fats can be made from Table VI and shows a 
definite parallelism. From this point of view the dietary fats fall into three 
groups: (i) coconut oil with saturated acids amounting to 92% of the whole, 
(ii) butter, beef fat and palm oil in which the saturated acids vary from 48 to 55% 
and (iii) olive oil and cod liver oil in which the corresponding figures are 12 
and 11 % respectively. The figures for the carcass fats for these three groups are 
(i) 46-5 %, (ii) 35-2, 31-6, 31-6 % and (iii) 22-4, 25-1%. It is interesting to note 
that when Gregory & Drummond [1932] fed rats for 10-13 weeks on diets con- 
taining no fat, 12% olein, 50% olive oil and also 12-5% stearin mixed with 
12-5% laurin, the percentages of saturated acids in the body fats were 32, 22, 
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11 and 40-5%. Thus, although the times of feeding and the percentage of fat in 
the diets were very different in the present case, the general tendency is markedly 
the same, in that olive oil caused the lowest percentage and stearin mixed with 
laurin the highest. 

The effect of diet on the individual fatty acids of the carcass fats. From Table VI 
two generalizations may be made. Firstly, the lowest value recorded for every 
acid, both saturated and unsaturated, in all the groups corresponds with the 
dietary fat also having the lowest content of each particular acid. Secondly, the 
extreme range of values for stearic (4:2-6-9°%) and for ‘‘arachidic” acid (0-7- 
2-5%) are such that the variations are insufficiently great to be of significance 
in view of the limits of accuracy in the methods of analysis. 

In the beef fat group the high palmitic acid content (22-7) reflects the fact 
that beef fat contains 30-6 % of this acid, while the amount of oleic acid (52-5 %) 
is high at the expense of both palmitoleic and linoleic acids, corresponding 
with the presence in beef fat of more than 40% oleic, less than 3% linoleic and 
the probable absence of palmitoleic acid. 

In the butter group no acid lower than lauric has been stored, while myristic 
and palmitic acids were present to the extent of 3-5 and 26% respectively, the 
increase in these two members being mainly at the expense of oleic acid. These 
changes again are related to the composition of butter fat. 

In the olive oil group all the saturated acids appear to have been decreased 
in amount, while the most marked change in the unsaturated acids is the high 
oleic content (49-4%), changes which correspond in general with the com- 
position of olive oil. The figure of 49-4°% for the oleic acid content in this case 
is certainly a little lower than that for the beef fat group, but the amount is 
scarcely significant, and if the total C,, unsaturated acids be considered in both 
cases rather than the oleic acid itself, more reliable figures are obtained for 
reasons already given (p. 44), and it is then seen that the resulting value of 
56-7 % for the olive oil group is slightly greater than that of 55-1°% for the beef 
fat group. 

Where cod liver oil was fed, the palmitic acid fell to 15-6%, while in the 
unsaturated acids there was an increase in palmitoleic acid from the average of 
about 4 to 9-5°%. The C.) unsaturated acid is also slightly increased both in 
amount and in 1.v., while only in this group is there any measurable quantity of 
C.. unsaturated acids (2-7°%). These results show the marked influence of cod 
liver oil feeding. 

In some ways the coconut oil group shows the effect of the dietary fat more 
strikingly than any other. Both decanoic (0-9%) and lauric acids (7-8°%) were 
present, but acids lower than these did not appear to be stored. In addition the 
myristic acid is some 6-7 times greater than the average, while palmitic acid 
tends to be decreased. All these changes are to be related to the high proportion 
of decanoic, lauric and myristic acids with the relatively small amount of palmitic 
acid in coconut oil. Further, the low level of the two C,, unsaturated acids taken 
together is in accord with the composition of the dietary fat. 

In the palm oil group, the figure for palmitic acid (20-8%), though higher 
than in most cases, is still less than that for the beef fat and butter groups, 
although palm oil contains more palmitic acid than either of the other two 


latter fats. 


GENERAL CONCLUSIONS 
Three main conclusions may be drawn: (1) with regard to all the acids 
present, the composition of the body fat may be altered by appropriate feeding 
and certain acids not normally present may be introduced, (2) acids with less 
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than 10 carbon atoms are not stored and (3) the ease with which changes may be 
brought about differs amongst the various acids. 

The first conclusion is in agreement with all previous workers in the field, 
though few have carried out detailed analyses. The second also confirms previous 
investigations. For example, Davis [1930], Cox [1933] and Eckstein [1929, 1, 2] 
found no storage of lower acids after feeding either the acids themselves or their 
derivatives. 

The conclusion to which Barbour [1933] was led, that there is a level beyond 
which the saturated acids will not increase, whatever their proportion in the 
diet, is not confirmed in the present research. The level (25-27%) found by 
Barbour has been exceeded in all but two of the cases published here, where the 
figures range from 22-4 to 46-5%. At the same time it is clear that the different 
fatty acids present as the major components cannot be varied to an unlimited 
extent by the diet (e.g. the palmitic percentage is always between about three 
and four times that of stearic and between one- and two-thirds that of oleic). — 

It is of interest to compare the present findings with those of the only two 
groups of workers who have made similar studies of the fat of the rat. The true 
depot fats of rats receiving different diets have been analysed by Banks ef al. 
[1933], while Klenk et al. [1935] have examined the fat of the skin, muscles and 
adipose tissue of rats fed on barley groats. Bearing the various experimental 
conditions in mind, these two sets of results correspond well with the present 
series with regard to the values for stearic, palmitic and total C,, unsaturated 
acids. They differ chiefly in the fact that in the present results the higher un- 
saturated acids in each case range between the relatively high values of 6-9°% 
in the coconut oil group and 14-5% in the cod liver oil group and in doing so 
greatly exceed the corresponding amounts, if any, found by the other workers. 
In order that there should be no doubt as to the presence of these higher acids 
in the total carcass fat of normal rats, a sample of the acids from a separate 
group was brominated as described on p. 46, when it was proved that at least 
2-5% of the mixture consisted of acids of the arachidonic type. Since bromina- 
tion is known always to indicate only a portion of the higher unsaturated acids 
actually present in such a mixture, there is no reason to doubt that these 
figures of 6-9-14:5% are of the correct order. The difference between these 
particular values and the analyses of Banks ef al. and Klenk et al. may be 
explained in part by the fact that the total carcass fat was used throughout in 
the present work and it would therefore contain a certain proportion of phos- 
phatide, originally present as the “‘constant element” acids of Terroine [1936]. 
The same explanation will also apply to the fact that the other workers found 
no Cy, saturated acid, while the average value found here was 1-7 %. It must also 
be pointed out, however, that in the work of Banks et al. the last fraction in the 
various fractional distillations of the solid acids constituted a higher percentage 
of the whole than in the present series, so that the tendency in their case would 
be for small amounts of higher acids, if present, to remain undetected. Similarly 
the figures quoted in Table VI for linoleic acid tend to be higher than those of 
Hilditch, Klenk and their colleagues, but oxidation experiments (p. 42) have 
confirmed the fact that the values recorded here for this acid, though maximum, 
are not far removed from the truth. 

The results of Banks e¢ al. in their group C, in which rats received 2-15% 
cod liver oil in the diet for 10 weeks, may be compared with the cod liver oil 
group here which received 40% for 2 weeks. The most noticeable points in the 
latter group are a pronounced fall in the palmitic and oleic acid contents. This 
change appears also to a lesser extent in their group C. There is also in both 
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cases little change in the proportion of linoleic acid, which might have been 
expected to increase in the depot fat when increased so much in the diet. One 
other point for mention is that in group C there appeared for the first time 
8-5% of unsaturated C,, acids, while in the present work 40% of cod liver oil 
caused only a trifling increase in the amount of these compounds with the 
appearance of a small proportion of C,, unsaturated acids. 

In their analysis of rat depot fats, Hilditch and his colleagues were unable to 
decide definitely whether palmitoleic acid was actually present or not, and there- 
fore calculated their final figures for the composition of the mixed fatty acids 
in two ways, one in which palmitoleic acid was assumed to be present and the 
other in which it was not. Where they assume its presence, with one exception, 
they find higher values for palmitoleic acid than are quoted here. In the present 
work the existence of palmitoleic acid has been definitely confirmed and the 
calculated values for its content are believed to be accurate within the usual 
limits. One reason for making this claim is that a modification of the fractional 
distillation process previously applied by Irving & Smith [1935] in their analysis 
of pig liver fatty acids has also been used to great advantage in the present 
investigation. After the Twitchell process has been carried out on the total 
mixed fatty acids, there always remain in the liquid acids a few units % of 
saturated compounds due to the very slight solubility of lead stearate and rather 
greater solubilities of lead palmitate and lead myristate in alcohol. Consequently 
this small amount of saturated acid will ultimately interfere with the estimation 
of palmitoleic and oleic acids, unless the following modification is applied. When 
the methyl esters of the unsaturated acids have been distilled, the acids from the 
first few fractions should be separated by the Twitchell process into solid and 
liquid fractions of which the mol. wt. and 1.v. are then determined. The process 
of arriving at the true constitution of these first few fractions is then greatly 
simplified and a very much more accurate estimation can be made of the 
palmitoleic acid content than was hitherto possible, although the increased 
accuracy is still only of the same order as that of the analysis as a whole. 
Reference to Table IV will illustrate this improvement in the method. 

From the figures obtained in the liver experiment of Channon & Wilkinson 
[1936], it seemed possible that when coconut oil was fed to animals the livers 
might contain unsaturated acids of the C,, type. But when the fatty acids from 
the livers of animals receiving this diet were analysed, as recorded on p. 47, it 
was found that there could not have been present more than 2% of such acids 
and in fact it is very probable that none such existed. This does not exclude the 
possibility of desaturation either in the higher or lower acids, but it does show 
that the products of desaturation in the case of the latter are not stored in the 
liver in measurable amounts. 

SUMMARY 

1. Six groups of rats were fed for 14 days on diets in which the common 
basal constituents were fat-free and of low choline content. Each diet contained 
in addition 40 % of one of the following fats: beef dripping, butter, olive oil, cod 
liver oil, coconut oil and palm oil. The fatty acids of the pooled carcasses were 
subjected to a detailed analysis and the findings are compared with those of 
Channon & Wilkinson [1936] on the liver acids of the same animals. Further, a 
group of 72 animals was fed on the coconut oil diet for 21 days and the fatty 
acids of the livers compared with those of the carcasses. 

2. Intense fatty livers resulted, varying from 30-7 % in the case of the butter 
fat to 7-2 % of the fresh liver weight for the cod liver oil, but no relationship was 
found to exist between the amount of fat in the livers and that in the carcasses. 
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3. The saturated acids of the liver glycerides were found to resemble closely 
those of the carcass both in the proportion of the total fatty acids and in their 
mean molecular weights, while the unsaturated acids were less closely related. 

4. The liver phosphatide acids showed no relationship with the carcass fatty 
acids. 

5. The effects of the various dietary fats on the amounts of the individual 
constituent acids of the carcass fats were very marked and are discussed in 
detail. 

6. If desaturation of lower acids takes place, the products are not stored to 
any measurable extent either in the liver or in the carcass. 


The expenses of this research were defrayed by a grant from the Medical 
Research Council, to whom we wish to express our thanks. 
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VIII. THE ACTION OF ENZYMES 
ON ANTIBODIES 
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EXPERIMENTS on the action of pepsin, trypsin and papain on antibodies form 
the main subject of the present paper. The results are dealt with in considerable 
detail since they seem to have some bearing on the nature of the chemical changes 
in globulin induced by immunization. 

The antibodies chosen for these experiments were the flagellar and somatic 
typhoid agglutinins, known as the H and O agglutinins respectively. They are 
precipitated with the globulin fraction of antityphoid serum. 

Sera from three horses, M, C and K, were available in quantities sufficient for 
the present investigation. The horses were immunized at the Serum Department 
of the Lister Institute by Dr G. F. Petrie and his colleagues on behalf of Dr A. 
Felix. The immunizing courses consisted of series of intravenous doses of sus- 
pensions of certain strains of B. typhosus, living, or killed by various methods. 
Horses M and C were also immunized for a short period with formalized extracts 
of these strains. Sample I from each horse was normal serum drawn prior to 
the first course of immunization. Samples of immune serum obtained subse- 
quently at successive bleedings were numbered from II upwards. These samples 
were stored at 0° without addition of antiseptic. At the time of testing some of 
these samples had been stored for a few weeks, others for various periods up to 
or exceeding a year. 

Globulin fractions were precipitated from a number of serum samples with 
19 volumes of 22-6 % Na,SO, at 37°. The precipitates were washed with saturated 
Na,SO, and taken up in normal saline (0-85°% NaCl) to give solutions of titre 
corresponding to a 1:5 or 1:10 dilution of the original serum. Euglobulin 
fractions were precipitated from serum by addition of 19 volumes of 14-2% 
Na,SO, or by dilution with distilled water and acidification. The antibodies were 
found to be distributed between the euglobulin and pseudoglobulin fractions. 

In each experiment on enzyme action unfractionated serum, or the globulin 
fraction, was incubated in a water-bath at 37° together with enzyme solution, 
buffer of suitable pH and saline to give a final concentration equivalent to 1 : 10 
or 1: 20 serum. Chloroform or toluene was usually added. Samples were with- 
drawn initially and at suitable intervals for estimation of the titres of H and O 
agglutinins and the degrees of protein hydrolysis. The effects of buffer, pH, 
enzyme activators and inhibitors on agglutinin titre were carefully controlled. 

H and O agglutinins were tested for separately with the technique described 
in a previous paper [Rosenheim, 1935]. Formalized suspensions of B. typhosus 
of the motile strains “Mrs S.”’ and “Watson” were used for the detection of H 
agglutinins and the non-motile strain “‘O 901” for O agglutinins. Most of the 
sera used contained the so-called Vi antibody [Felix & Pitt, 1934] in addition to 
the H and O agglutinins. As the titre of Vi agglutination is very much lower 
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than that of H or O agglutination, the presence of Vi antibody in varying 
amounts did not interfere with the quantitative estimation of H and O anti- 
bodies. 

The percentage of H agglutinin destroyed was calculated from a comparison of 
the end-titres of control and experimental solutions. Quantitatively comparable 
titres were taken as a basis for comparison rather than end-titres in any experi- 
ment in which the degree of agglutination was not the same at the end-titre of 
every series. 

An indication of the extent of protein hydrolysis was usually obtained by 
estimating the increase in free amino-groups by the Van Slyke method using a 
micro-Van Slyke apparatus. In a few experiments the increase in free COOH 
groups was estimated by titration with alcoholic KOH [Willstatter & Wald- 
schmidt-Leitz, 1921]. The total N in each serum sample or globulin fraction was 
estimated by the micro-Kjeldahl technique and the increase in free amino-N was 
expressed as percentage of the total N. 


EXPERIMENTAL 


I. The action of enzymes on the antibodies in serum obtained from three 
horses after the first immunizing course with H and O antigens 


Pepsin. If the agglutinins are exposed to a pH lower than 4-6 they are 
gradually inactivated. Experiments on peptic action were therefore carried 
out at pH 4-6-4-8. Although this pH range is far removed from the optimum 
for pepsin the enzyme was sufficiently active to destroy both the H and O 
agglutinins at a remarkably rapid rate. Its action on the immune globulin was, 
however, slow, particularly at the higher pH. At pH 5-6 the agglutinins and the 
globulin were not attacked. The experiment described below and summarized 
in Table I is typical of many and will serve to illustrate the technique adopted 
and the method of estimating the results. 

The globulin precipitated from serum C II was taken up in saline to give a 
solution which corresponded in titre to a 1 : 5 dilution of the original serum and 
contained 7-6 mg. of protein per ml. A 6-1 % solution of B.D.H. granular pepsin 
was used in concentration calculated to give 4 mg. pepsin per mg. of globulin. 

The following mixtures were prepared: 


Globulin control Globulin + pepsin Pepsin control 
ml. ml. ml. 
Globulin 3 3 0 
N/10 Na citrate, pH 4-7 1-5 1-5 1-5 
Pepsin solution, pH 4-7 0 1-5 1-5 
Water 1-5 0 3 
Chloroform 1 drop 1 drop 1 drop 


1-5 ml. of each solution were withdrawn immediately and peptic action was 
inhibited by neutralization with N/40 NaOH from a micro-burette. The volume 
was made up to 3 ml. with saline, solutions of globulin equivalent to a 1 : 20 
dilution of serum being thus obtained. 

The three mixtures were placed in a water-bath at 37°. Further samples of 
each were withdrawn, neutralized and diluted as above after 2, 5 and 22 hours 
and were stored at 0°. Duplicate Van Slyke amino-N estimations were carried 
out on 1 ml. samples of the neutralized solutions. The values obtained for the 
pepsin control series showed that there was no increase of amino-N due to pepsin 
autolysis during the period of enzyme action. 
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Agglutination tests on the globulin control tubes served to control the effect 
of incubation at pH 4-7 on the agglutinin titres. The control and experimental 
solutions wére tested simultaneously for agglutinin content with the usual 
technique using formalized suspensions of the strains “Watson” and ‘‘O 901” 
Besides the usual dilutions in geometric series, 1 : 400, 1 : 800, 1 : 1,600 ete., 
additional intermediate dilutions were made between 1 : 12,800 and 1 : 102,400 
to make possible a closer estimate of the degree of agglutinin destruction. 

The customary symbols +++, +++, ++, ++, +, +, (+) are used to 
cover the range of floccular (H) and granular (O) agglutination from complete 
agglutination to a trace not visible without magnification. 

The experiment summarized in Table I illustrates (1) the progressive 
destruction of the agglutinins with time of hydrolysis, (2) the approximately 
parallel rates of breakdown of the H and O agglutinins and (3) the relatively 
slight degree of protein breakdown which accompanied an almost complete loss 
of agglutinating power. 

In another experiment in which a lower concentration of pepsin relative to 
globulin was allowed to act on an immune globulin solution for 19 hours at 
pH 4-8 there was destruction of 97% of the H agglutinin and 100% of the O 
agglutinin with hydrolysis of protein giving an amino-N increase of only 1-74% 
of the total globulin-N. 

Samples of pepsin from three different firms have been used in this work with 
essentially similar results. A sample of May and Baker’s ‘‘ Powdered Pepsine 
B.P.” was further purified along the lines used by Northrop [1930] for the 
crystallization of pepsin and was then active in proportionately lower concen- 
tration. The possibility that agglutinin destruction was due to combination with, 
or the action of, some impurity in the commercial pepsin may therefore be 
excluded. 

Trypsin. Whereas peptic action can readily be arrested at any stage of a 
hydrolysis by neutralization, no satisfactory method has been found of in- 
hibiting tryptic action without simultaneously destroying the H and O anti- 
bodies. It was not possible to obtain more than an approximate comparison 
of protein and antibody contents in successive samples of tryptic hydrolysis 
mixtures, since the conditions essential for the agglutination test favour further 
enzyme action. It has, however, been established that the destruction of the 
agglutinins by trypsin is very rapid. 

In the few experiments in which a comparison of the degree of protein hydrolysis and the 
degree of antibody destruction was attempted, the technique was complicated and less satis- 
factory than that used in experiments with pepsin. All the agglutination tests in any one experi- 
ment were performed under strictly comparable conditions but not all at one time. Each sample 
withdrawn from the hydrolysis mixture was immediately diluted in series for agglutination and 
incubated at 50° together with a control series containing no trypsin. Van Slyke estimations were 
performed on samples withdrawn at the same time. In this way values were obtained for the 
increase in amino-N in x hours at 37° and the percentage destruction of the agglutinins by trypsin 
in x hours at 37° plus the incubation period at 50°. A comparison of 0 hour control samples with 
and without trypsin showed that approximately 50% of the H agglutinin was destroyed by 
trypsin during the 2-hour incubation period at 50°. 


In a sample of globulin from C II serum the H and O agglutinins were 
completely destroyed in 4 hours at 37° plus the incubation period at 50°. 
The increase in amino-N in 4 hours at 37°, pH 8-7, was 11-6 % of the total N. 

Papain. At pH 7-0 the H and O typhoid agglutinins were destroyed by 
activated, but not by non-activated, papain. From a typical experiment sum- 
marized in Table II it will be seen that KCN, cysteine and H,S were equally 
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Table II. Action of activated and non-activated papain on the H and O 
agglutinins in the globulin fraction of serum sample II from horse M 


6 hours. 37°. pH 7-0 


A B Cc D E F 

ml. ml. ml. ml. ml. ml. 
Globulin* 0-5 0-5 0-5 0-5 0-5 0-5 
M/3 phosphate buffer, pH 7-0 0-17 0-17 0-17 0-17 0-17 0-17 
Saline 0-33 _ _ = — _ 
2° non-activated papain — 0-33 —_ _ _— — 
2% KCN — — 0-33 _ _ — 
2°, KCN-activated papain = _— —_— 0-33 —_ _— 
2°, cysteine-activated papain o- — — —_— 0-33 — 
2°) H,S-activated papain — — _— — —_ 0-33 
Initial H titre 25,600 25,600 25,600 25,600 25,600 25,600 
Final H titre 25,600 25,600 25,600 800 400 <400 
% destruction of H agglutinin 0 0 0 97 985 > 98-5 
Initial O titre 12,800 12,800 12,800 12,800 12,800 _ 12,800 
Final O titre 12,800 12,800 12,800 3,200 <400 400 
°% destruction of O agglutinin 0 0 0 75 >97 97 


* In a solution of concentration equivalent to a 1: 5 dilution of the original serum. 


effective as activators. For this experiment 4 g. of B.D.H. papain were extracted 
with 100 ml. of water for 1} hours on a mechanical shaker. Part of the clear 
vellow filtrate was brought to pH 7-0 and diluted to give a 2% extract. Aliquot 
parts of this extract were then activated either by bubbling washed H,S through 
for 1 hour or by incubation at 37° with 0-1 ml. of a 16% cysteine hydrochloride 
solution for 30 min. A cyanide-activated solution of comparable strength was 
prepared by incubating at 37° equal volumes of a neutralized 4° KCN solution 
and the 4% papain extract. 

The composition of the experimental solutions is given in Table II. Papain 
extract equivalent to 2 mg. of solid enzyme preparation was added for each mg. 
of serum protein. After 6 hours at 37° enzyme action was arrested by addition 
of an equal volume of /250 sodium iodoacetate to solutions B-F. Mixture A 
was equally diluted with saline to serve as a standard of comparison. It will be 
seen from B that non-activated papain was without action on the agglutinins 
and that iodoacetate exerted no destructive action, from C that KCN alone did 
not affect the titre and from D, E and F that papain activated with KCN, 
cysteine and H,S respectively almost completely destroyed the agglutinating 
properties of the immune globulin in 6 hours at pH 7-0. 

The experiments quoted in Table III show that the destruction of the 
agglutinins by cysteine-activated papain was progressive and rapid and give an 
indication of the degree of globulin hydrolysis which accompanied this de- 
struction. For these experiments 20 ml. of a mixture of cysteine-activated 
papain, globulin and phosphate buffer at pH 7-0 were incubated at 37°. Samples 
were withdrawn initially and at intervals, diluted with an equal volume of 
M/250 iodoacetate and used for agglutination tests and duplicate amino-N 
determinations. 

Under the conditions chosen activated papain was found to be more active 
proteolytically than pepsin and less active than trypsin for comparable degrees 
of agglutinin destruction. 

Since the work of Willstatter & Grassmann [1924] on the activation of 
papain by cyanide, the view has become general that the range of specificity of 
natural papain is extended by activation, and that whereas before activation 
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Table III. Action of cysteine-activated papain on the H and O agglutinins 
in the globulin fraction of serum sample II from horse C 


Extract of 2 mg. papain per mg. protein. pH 7-0 


Duration of hydrolysis 





Control ; 
globulin 0 hour 4 hour lhour 2 hours 


H titre 19,200 19,200 12,800 9,600 6,400 
% destruction of H agglutinin 0 33 50 66 
O titre : 102,400 102,400 76,800 51,200 12,800 
% destruction of O agglutinin 0 25 é 

Increase in amino-N as % of total N — — 


H titre 3,200 3,200 
% destruction of H agglutinin — 0 
O titre 12,800 12,800 
% destruction of O agglutinin — 0 
Increase in amino-N as % of total N — — 


protein molecules only are attacked, after activation protein degradation pro- 
ducts such as polypeptides are also split. The recent work of Bergmann and his 
co-workers [1935; 1936], which promises to be of great significance in elucidating 
the mechanism of papain action, has necessitated a revision of this view. It is 
premature as yet to present Bergmann’s hypothesis in detail, but a point with 
direct bearing on the interpretation of the present results must be referred to. 

Bergmann & Zervas [1936] found that comparatively simple substrates such 
as benzoylisoglutamine and hippuramide, as well as gelatin, were attacked by 
natural non-activated papain. The action of HCN on papain produced no change 
in specificity but accelerated the splitting. According to the generally accepted 
theory of the action of activators on papain the logical interpretation of the 
finding that the H and O agglutinins are attacked by activated and not by non- 
activated papain under the given experimental conditions would be that anti- 
bodies are of a polypeptide and not of a globulin nature. In view of Bergmann’s 
findings, which are based on a considerable amount of evidence, the suggestion 
that the agglutinins are of a non-globulin nature need not be entertained as 
a result of the experiments here described.! 

The results obtained in the experiments with yeast dipeptidase and amino- 
polypeptidase summarized below provide additional evidence for the generally 
accepted view that antibodies are not peptides intimately associated with the 
globulin fraction of immune serum, but an integral part of that fraction. 

Dipeptidase. This enzyme was prepared from brewer’s top yeast by the 
method of Macrae [1933]. The preparation was free from proteinase and con- 
tained only a trace of polypeptidase. The activity was such that 30 mg. acting 
on 56 mg. of dl-leucylglycine at pH 7-8 produced an increase of COOH equivalent 
to 0-54 ml. of V/20 KOH in 1 hour at 40°. 30 mg. acting on 21 mg. of immune 
globulin of initial H titre 12,800 and O titre 10,240 produced no change in titre 
and no increase in titratable COOH in 24 hours at pH 7-8 and 40°. 

Aminopolypeptidase. The activity of a solution of yeast aminopolypeptidase, 
prepared from brewer’s top yeast by the method of Macrae [1933], was such that 

1 Bergmann’s recent work was published after completion of these experiments. As his 
estimations of papain activity were carried out at pH 5-0 a few additional experiments were under- 
taken in which papain was allowed to act on the agglutinins at this pH instead of at pH 7-0 as 
before. It was found that under these conditions the agglutinins were destroyed to a slight extent 
by non-activated papain, and that destruction was accelerated by activation with KCN. 
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4 ml. acting on 61 mg. of dl-leucylglycylglycine at pH 7-0 and 37° produced in 
1 hour hydrolysis equivalent to an increase of 0-52 ml. of N/20 KOH. 4 ml. 
acting on 10% gelatin at pH 7-0 produced no liquefaction in 40 hours at 37°. 
The solution, although not purified, was therefore free from proteinase. 4 ml. of 
this solution incubated at pH 7-0 with 21 mg. of immune globulin had no effect 
on the titres of H and O antibody in 24 hours at 37°. 

It should be emphasized that the results of all the experiments described 
in this section relate only to the action of enzymes on those samples of serum 
(or the globulin fractions thereof) obtained from each of three horses after a first 
immunizing course with H and O antigens. It is of interest to compare them with 
those of Macrae [1935] who studied the action of enzymes on antibodies having 
a specific affinity for malignant cells. After complete destruction of these anti- 
bodies by pepsin, trypsin and papain more than 80% of the euglobulin, with 
which they were associated, could be recovered apparently unchanged. Yeast 
proteinase caused destruction of the antibodies. Yeast dipeptidase and amino- 
polypeptidase were without effect. 


II. The action of enzymes on the antibodies in serum obtained from three 
horses after each of a succession of immunizing courses 


The results of the experiments described in Part I of this paper point to the 
conclusion that the H and O agglutinins in antityphoid serum are rapidly 
destroyed by proteolytic enzymes. Further work, however, necessitated a 
modification of this view. In an experiment with sample V of serum from horse C 
it was noticed that the H antibody was not destroyed by pepsin as was that in 
sample II under identical conditions. Any facts indicative of changes in the 
immune globulin during the course of immunization, and particularly such as 
are susceptible of a chemical interpretation, are of great interest. This point was 
therefore investigated in numerous experiments by allowing pepsin, trypsin or 
activated papain to act under strictly comparable conditions on samples of 
serum obtained at different times from the same horse. These samples were 
drawn after each of a succession of immunizing courses spread over several 
months. 

The antigens used for immunization, the dates of bleeding and the variation 
in titre from sample to sample may be seen by reference to Table IV, in which 
the results of three such experiments with pepsin are summarized. 

Essentially similar results were obtained with serum from each of the three 
horses. 

The outstanding points in the table are: 

(1) The marked difference in the percentage reduction by pepsin action of 
the H agglutinin titre in early and later serum samples. 

(2) The uniformity in the percentage reduction of the O agglutinin titre in 
all samples. 

The results suggest that the H agglutinin becomes increasingly resistant to 
peptic hydrolysis with each successive immunizing course. This interpretation 
cannot, however, be accepted without certain reservations. 

It must be borne in mind that the nature of the agglutination test is such 
that the backward displacement of the end-titre by one or, at the most, two 
tubes in a long series of dilutions of a high-titre serum (expressed as a 50% 
reduction in titre) represents a far greater reduction in agglutinin units than 
a backward displacement by several tubes in a low-titre serum. On this account 
the reduction in titre through peptic action is expressed in Table IV in arbitrary 
units—the difference between initial and final titres—as well as in percentages. 
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A closer examination of Table IV will show that in the case of horse K the 
initial H titre increased progressively in samples [II-VI in which the percentage 
of H agglutinin destruction by pepsin decreased, and that in the case of horse M 
the initial H titre was lower in sample IT than in samples III, IV, V and VI. 
It will also show that the O titre of any given sample was usually lower than 
the H titre. 

On the other hand: 

(1) A reduction of H titre in M V by the same amount as in M IT (48,000 
units), in M VI by the same amount as in M III (76,800 units) and in C [V-IX 
by approximately 50,000 units as in C IT and C IIT could not fail to be reflected 
in the results of the agglutination test. Reductions of this order in the H titre 
of the later samples would have appeared as a 50% decrease in titre. There was 
no evidence of such a decrease. 

(2) The initial H titre of C V, apparently unaffected by peptic action, was 
actually lower than the initial H titre of C II which was reduced by 97 % under 
comparable conditions. 

(3) An H titre of 102,400 in sample M V was unaffected, whereas the same 
titre in sample M IIT was 75% reduced. 

(4) In no sample of horse K serum did the initial H titre exceed that of 
samples M IT, C II and C III, and yet in the later samples there was apparently 
marked resistance to peptic action. 

Where the H and O titres in any one sample of serum were the same the 
difference in the effect of pepsin on the two agglutinins was most clearly revealed. 
In samples C XIV, C XV and C XVI (not shown in the table) the O titre rose to 
102,400. This high titre was considerably reduced by peptic action. The H titre, 
also 102,400, was unaffected. 

From a consideration of these points and the evidence to be presented it 
would appear that increase in titre is not alone responsible for the apparent 
increase in the resistance of the H agglutinin to peptic action. There was no 
evidence to indicate that the degree of resistance of the H agglutinin was 
influenced by the period of storage. 

Results essentially similar to those obtained with whole serum were obtained 
with the globulin fractions precipitated by saturation with Na,SO,, the H 
agglutinin in the globulin fractions from the later serum samples being com- 
pletely resistant to peptic action under the conditions studied. 

Four experiments in which comparison was made of the action of pepsin on 
various preparations of globulin from serum C II and from the low-titre serum 
C V are summarized in Table V. The concentration of enzyme relative to globulin 
and the period of hydrolysis varied considerably in these experiments but in 
each case the H agglutinin in CII globulin was attacked and that in CV 
globulin was not attacked. 

In one experiment, summarized in Table VI, evidence on the relation of 
titre to resistance was sought as follows. The H titres of samples IT, ITI, V, VIII 
and X of horse C serum were estimated and the samples were diluted from 1-5 
to 24 times to give solutions of approximately the same H titre. The same 
amounts of pepsin and citrate buffer at pH 4-7 were added to each. Samples for 
the agglutination tests were withdrawn and neutralized immediately, and again 
after incubation for 19 hours at 37°. It will be seen that while the H agglutinin 
in serum C II was almost completely destroyed there was a marked increase in 
resistance through the series C II-C X. The results gain in significance through 
the relatively far higher proportion of pepsin to protein in samples from the later 
bleedings. 
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Table V. Action of pepsin on the H agglutinin in globulin from 
serum C II and C V 


Serum ... cil 
Globulin G, G G@, 4G G, 
preparation 
Exp. eee a b c d a 
Initial H 51,200 9,600 6,400 51,200 25,600 12,800 6,400 12,800 
titre 
mg. Duration 
enzyme of hydro- 
per mg. _ lysis 
globulin hours 
4 5 H titre after 25,6 — — 
6 5 peptic = . 
18 action 200 — 
23 - — 12,800 
% reduction f 97 75 
in H titre 


Table VI. Action of pepsin on the H agglutinin in a ‘‘non-resistant” and in 
diluted ‘‘resistant”’ serum samples from horse C 


19 hours. 37°. pH 4-7 


Serum sample <7 oon Cc Ill CV Cc Vill cx 

Dilution factor sid 0 1-5 1- 6 24 
H titre before peptic action 6,400 6,400 6,400 6,400 4,266 
H titre after peptic action 266 1,066 4,266 3,200 3,200 


% destruction of agglutinin 96 83 33 50 25 


The experiments summarized in Tables V and VI serve to emphasize the 
existence of some essential difference in the H agglutinin obtained from horses 
after one and after several immunizing courses, a difference evidently not 
attributable to differences in titre alone. 

One of several experiments on the tryptic hydrolysis of serum samples 
obtained from the same horse at successive bleedings is set out in Table VII. It 
will be seen that the apparently increased resistance of the H agglutinin to 
tryptic digestion at pH 8-6 is nearly as marked as that to peptic digestion at an 
acid reaction. The resistance of the O agglutinin to tryptic digestion did not 
increase. 

The significance of these results is emphasized by the finding that the 
resistance of the H agglutinin to destruction by activated papain did not increase 
in the same way as did its resistance to pepsin and trypsin. The mode of attack 
of activated papain on the globulin molecule, which is known to differ markedly 
from those of pepsin and trypsin, is presumably such as will inactivate the H 
agglutinin even in the “resistant” state. The four experiments summarized in 
Table VIII illustrate this point. The corresponding O titres, which were almost 
completely reduced in every case, are not included. It will be noted that the 
times of hydrolysis varied from 2 to 20 hours and that various activators were 
employed. 

In Exps. a and 6 the hydrolysis mixtures and controls without papain were 
exposed to the same conditions of pH and temperature before comparison of 
the H titres. In Exps. c and d samples withdrawn from the hydrolysis mixtures 
at the start of the hydrolysis period and immediately treated with iodoacetate 
served as controls for samples withdrawn at the end of the period. 
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Table VII. Action of trypsin on the H and O agglutinins in serum samples 
obtained from horse C at successive bleedings 


6 hours. 37°. pH 8-6. Approx. 2 mg. enzyme per mg. serum protein 


Serum sample ae II Ill ry V VI VII XI 
H titre of control without trypsin 51,200 51,200 102,400 25,600 102,400 102,400 204,800 
H titre after tryptic action 800 4,800 51,200 12,800 102,400 102,400 204,800 
Reduction in H agglutinin units 50,400 46,400 51,200 12,800 0 0 0 
°%% reduction in H titre 98 90 50 50 0 0 0 
O titre of control without trypsin 51,200 25,600 12,800 3,200 102,400 51,200 451,200 
O titre after tryptic action <400 400 400 <400 800 3,200 800 
Reduction in O agglutinin units >50,800 25,200 12,400 >2,800 101,600 48,000 50,400 
% reduction in O titre 100 98 97 94 99 94 98 


Table VIII. Action of activated papain on the H agglutinin in serum samples 
obtained from horses M and C at successive bleedings 


pH 6-8-7-0. 37° 



















Dura- 
tion of 
hydro- Source Serial number of bleeding 
lysis of A — 
Exp. Activator hours agglutinin II Ill IV J vI VII VIII XI 
a KCN 2 Serum H titre of con- 6,400 25,600 — 51,200 — 409,600 409,600 — 
from trol 
horseM H titre after 600 6400 — 25,600 — 204,800 204,800 — 
papain action 
% reduction 90 5 — 50 — 50 50 — 
b H,S 5} Serum H titre of con- 25,600 25,600 102,400 25,600 102,400 — — 204,80 
from trol 
horse C H titre after — 800 25,600 6,400 25,600 — — 25,600 
papain action 
% reduction 100 97 75 75 5 — _ 875 
ce H,S 6 Globulin HtitreOhours 12,800 12,800 102,400 — 51,200 — 204,800 — 
fractionof H titre after 400 1,600 25,600 — 3,200 — 12,800 — 
serum from papain action 
horse M  % reduction 97 875 75 — 94 — 4 — 
d Cysteine 20 Serum H titre O hours 51,200 51,200 102,400 34,000 — — — — 
from H titre after 100 400 25,600 6400 — — -- = 
horse C papain action 
% reduction 100 99 15 80 — — — _ 


Although the percentage reduction in H titre was highest in serum drawn 
after the first immunizing course (II) it was considerable in all samples. Even 
with high-titre serum such as M VIII, Exp. a, there was 50% reduction in titre 
in as short a period as 2 hours. Results obtained with globulin fractions pre- 
pared from horse M serum (Exp. c) were similar in every way to those obtained 
with whole serum.! 

Experiments were undertaken to determine whether the globulin fractions of 
serum containing the so-called ‘‘resistant”’ H agglutinin were themselves more 
resistant to peptic and tryptic hydrolysis than the globulin fractions in which the 
agglutinin was rapidly destroyed. The results of these experiments, summarized 
in Table [X, show conclusively that this is not the case. They do not, however, 
prove that the globulin molecules carrying resistant H agglutinin groups are not 

1 A precipitate tended to form in activated papain solutions during the period of incubation at 
37°. Tests were made to determine whether the observed reduction in titre were due to adsorption 
of antibody on this precipitate. After the hydrolysis period the titre of samples containing the 
precipitate in suspension, the filtered samples and the supernatants after centrifuging were 
compared. The H titre at pH 7-0 was not affected by the presence of the precipitate. The O 
agglutinin titre was slightly lower in the supernatant than in the suspension, but the loss of 
agglutinin by adsorption on the precipitated papain was not sufficient materially to influence the 
results. At pH 5-0 adsorption was more marked. 
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themselves resistant to enzymic attack, since the number of immunologically 
active globulin molecules may constitute such a small proportion of the total 
serum globulin that chemical changes in this fraction of the whole would be 
undetectable by the methods used, being masked by hydrolysis of the normal 
globulin molecules. 


Table IX. Action of pepsin and trypsin on the globulin fraction of various 
serum samples obtained from horse C 


Pepsin Trypsin 
aia 

Exp. ao a b c 
Conditions of pH 4-6, 1-2 mg. purified pH 8-6 (pH 7-4 after pH 8-4 (pH 7-4 after 
hydrolysis... pepsin per mg. protein 3 days) 2 mg. trypsin 3 days) 2 mg. trypsin 

a i a per mg. protein per mg. protein 

Serum ... CII C XII cil CXV 
Globulin Gy Gi Gu Gy. 
preparation 
mg. N per 6-7 5-4 
ml. of glo- 
bulin solution 
Initial H 12,800 51,200 
titre 
Initial O 51,200 6,400 
titre 

o/ o/ 


: /o q /o 4 /0 _ /o . 
Duration decrease Amino-N decrease Amino-N decrease Amino-N decrease Amino-N 


of in titre increase in titre increase in titre increase in titre increase 
hydrolysis = —— as % = ——*—, as% — as % ——_ as % 

hours total N H O- total N H oO total N H O total N 

2 87-5 87-5 7 == — 

4 — 94 96 11-6 0 7. 11-1 

24 0 >94 100 99 26 Trace 87-5 24-5 
48 ° 0 — ° = aad 33 <50 9 36 
72 — — — — _- 36 — —_ 


The figures in Table IX, which show amino-N increase as percentage of the 
total N, give an indication of the extent of protein hydrolysis. It will be seen 
that in Exp. a this was approximately the same for samples of globulin from 
CII and C XII serum acted on by pepsin, and in Exps. 6 and ¢ for samples of 
globulin from C II and C XV serum acted on by trypsin. The globulin was more 
completely broken down by trypsin than by pepsin under the conditions 
investigated. It appears that an increase of amino-N equivalent to 36% of the 
total globulin nitrogen represents the full extent of trypsin action under these 
conditions. This increase was attained in approximately 48 hours and was accom- 
panied by a slight destruction of the H agglutinin in the resistant globulin. In 
no case has a comparable degree of protein breakdown been achieved with 
pepsin. In two experiments with pepsin, lasting 4 days, the H titre of a resistant 
globulin sample remained unchanged; in a third, lasting 5 days, there was 25% 
destruction of the H agglutinin accompanied by an increase in amino-N equi- 
valent to 12% of the total N. Addition of extra pepsin at intervals did not lead 
to increased proteolysis or destruction of agglutinin, a result to be expected in 
view of the high proportion of pepsin to globulin originally present. In one of 
these experiments the H agglutinin in the control non-resistant globulin from 
CII serum was 97% destroyed in 19 hours, with an amino-N increase of only 
1-7 % of the total N. 
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It was thought that the altered resistance of the H agglutinin to peptic and 
tryptic digestion might be accounted for by a shift of agglutinin from the 
euglobulin to the pseudoglobulin fraction, or vice versa. No definite evidence of 
such a shift was obtained by estimating the percentage of the total H agglutinin 
present in the euglobulin fractions of serum from early and later bleedings. 
Moreover the H agglutinin in both euglobulin and pseudoglobulin fractions of 
CII serum was rapidly destroyed by pepsin, that in both fractions of C VIII, 
CIX, MV and M VII serum being completely resistant under the same con- 
ditions. 


III. Possible effect of the source and method of preparation of the antigen on 
the resistance of the typhoid H agglutinin to proteolytic enzymes 


In this paper emphasis has been laid on the difference in the resistance to 
proteolytic enzymes of the H agglutinin produced by the first of a series of 
immunizations and that produced in response to later courses. This difference 
in resistance was not observed in the case of the O agglutinin formed simul- 
taneously. Reference to Table IV will show that stages of intermediate resistance 
appear to exist between the so-called “non-resistant” and the fully “‘resistant”’ 
H agglutinin. 

The question then arises whether the resistance of the antibody to pro- 
teolysis is related to the strain and method of preparation of the immunizing 
suspension of B. typhosus, or to the length of the immunization period. 

A consideration of the following points (see Table IV) suggests that the latter 
explanation is the more plausible: 

(1) The least resistant H antibody in horse K serum (sample III) was 
produced in response to immunization with a living, rough strain of B. typhosus, 
which is devoid of O antigen.! The same strain was used for the three subsequent 
courses of immunization and the resistance of the H antibody increased pro- 
gressively over a period of 3 months. 

(2) The same strain was used in horse C for the first time 7 months after the 
first immunizing course, and immediately prior to bleeding VIII, and all the H 
antibody then present was resistant. 

(3) A living, smooth, virulent strain was used for the immunization of 
horses M and C prior to bleedings III and VI, at intervals of 5 months, and the 
H agglutinin in samples III and VI of the serum responded very differently to 
peptic and tryptic actions, the former being comparatively non-resistant and the 
latter resistant. 

It is, of course, not possible to decide from the available data what percentage 
of the total antibody in serum obtained at any given bleeding is formed in direct 
response to the antigen used immediately prior to that bleeding. Absorption 
tests with the appropriate antigens might have provided information on this 
point, but interruption of the present work has unfortunately precluded their 
performance. 

The results of the experiments with pepsin and trypsin here described 
suggest a more rapid and direct means of determining whether the strain and 
method of preparation of the antigen can affect the chemical properties of the 
antibody, namely the immunization of rabbits with antigens prepared in various 
ways and an investigation of the action of proteolytic enzymes on the H antibody 
formed in response to each. To obtain reliable data it would be necessary to use 


1 The suspension used for the first course of immunization in this horse (sample II) was devoid 
of H antigen. 
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several rabbits to test each preparation of antigen, to use one antigen only for 
each rabbit and to standardize the size and spacing of the immunizing doses and 
the intervals between successive bleedings. 

The results of a few preliminary experiments with samples of rabbit serum, 
prepared at various times for other purposes and made available through the 
kindness of Dr Felix, indicate that this investigation would provide information 
of value. They bear out the impression received from experiments with horse 
serum that the nature of the H antibody apparently changes progressively in 
the direction of increased resistance to proteolytic enzymes during prolonged 
immunization, and that time, rather than the source and method of preparation 
of the H antigen, is the operative factor. It would seem from these results, 
which are summarized in Table X, that the only completely resistant H ag- 
glutinin was that formed in serum obtained at the [Vth and Vth bleedings of 
rabbit 100 and the Vth bleeding of rabbits 84 and 85.1 The results are, however, 
in no way conclusive and must be accepted with reservation, particularly in view 
of the low initial H titre of certain of the samples. They are reproduced here only 
because interruption of the present work has prevented the performance of 
further and more comparable tests. 


Discussion 


The conflicting reports in the literature on the effect of proteolytic enzymes 
on antibodies [Marrack, 1934] may be reconciled to some extent by the results 
of the experiments here described, since it has been shown that in the globulin 
from certain samples of antityphoid serum slight proteolysis is accompanied by 
complete destruction of the typhoid H and O agglutinins, while in that from 


others considerable proteolysis may occur without appreciable change in H titre. 
The antisera used in earlier investigations on this subject may well have con- 
tained H agglutinins of varying resistance. 

Among the authors who found that the typhoid H agglutinin was not de- 
stroyed by trypsin was Frankel [1932]. He claimed to have obtained this 
agglutinin free from protein by adsorption on kaolin followed by specific elution, 
but in experiments with various samples of rabbit serum his claim could not be 
confirmed [Rosenkeim, 1935]. The H agglutinin in these serum samples was 
rapidly destroyed by trypsin. In order to determine whether Frankel’s work 
could be repeated with H agglutinin resistant to tryptic digestion, an experiment 
was undertaken with serum M V and one with the globulin fraction of serum C V, 
using the technique of adsorption on Al(OH), and elution with alkaline glycine 
buffer previously employed. No concentration of resistant H agglutinin relative 
to protein was obtained, and there is, therefore, no indication that the resistant, 
any more than the non-resistant, H agglutinin can be separated from serum 
globulin by this method. 

Although the exact interpretation of the results presented in this paper must 
await extension of the work and a fuller knowledge of enzyme and protein 
chemistry, various possible explanations suggest themselves. These are discussed 
below. 

It is clear that if an increase in the number of immune globulin molecules 
containing an H antibody group similar to that in samples C II, M II and K III 
were the only effect of prolonged or repeated immunization with H antigen, 
samples from later bleedings would have a higher H titre, but, with proteolytic 


1 Each rabbit received one course of intravenous injections about a week before bleeding II; 
a further injection of the same antigen was given on the day following bleeding III. 
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enzymes present in excess, as in these experiments, the same percentage re- 
duction in titre would be obtained in the first and later samples under the same 
conditions. This was not obtained. Moreover increase in resistance was not 
invariably accompanied by increase in titre. 

After the action of pepsin and trypsin on serum from later bleedings each 
molecule of immune H globulin was still able to exert its agglutinating effect. 
It would therefore seem that there is a progressive modification in the structure 
of these immune globulin molecules during prolonged immunization. This is the 
main conclusion to be drawn from the experiments described. 

In the course of this modification the whole globulin molecule may be 
rendered resistant to attack by certain enzymes, or the antibody groups may 
themselves become more resistant through an alteration in chemical structure or 
spatial arrangement, or the number of antibody groups in each molecule may 
be so increased that after enzymic destruction of one or more there would still 
be a receptor group present in each molecule to unite with antigen and produce 
the same amount of agglutination as before. 

In accordance with the last suggestion the formation of antibody groups 
might be conceived as occurring in the terminal or exposed amino-acids in the 
normal molecule during the early stages of immunization, and in the more 
central parts during the later stages. As pepsin and trypsin are known to attack 
long-chain protein molecules at the terminal amino-acids of the chain, the surface 
antibody groups would then be among the first attacked in all serum samples, 
and in those samples obtained after a first immunizing course complete de- 
struction of antibody activity would result. In samples obtained after subsequent 
courses the initial stages of globulin hydrolysis and H agglutinin destruction 
would expose other and more deep-seated antibody groups, so that extensive 
proteolysis might be required to reduce the H titre significantly.* 

The observation that even after prolonged immunization the resistance of 
the H antibody to papain did not increase as did its resistance to pepsin and 
trypsin provides some indirect evidence in support of this conception, since 
papain attacks the globulin molecule not at the terminal amino-acids only, but 
at any peptide linkage. 

As increased resistance of the O agglutinin to proteolytic enzymes was never 
encountered, a corollary would be that all the O antibody groups are accessible 
to these enzymes both in the early and later stages of immunization. 

In this connexion reference may be made to the work of Joffe [1935] who 
found variations in the physico-chemical properties of the typhoid O agglutinin 
which were not correlated with changes in titre. Bacteria were maximally 
sensitized with homologous immune serum from rabbits immunized with the 
rough and smooth variants of B. typhosus ““O 901”. Not only did the sensitizing 
antibodies to the two variants differ in isoelectric point and electrokinetic 
potential difference, but with increasing time of immunization the isoelectric 
point of the antibody shifted progressively to the alkaline side. Although the 
same properties of the H agglutinin were not investigated a possible analogy 
suggests itself between changes in the immune globulin molecule leading to 
increased resistance of the antibody to enzyme action, and changes in the 
electrical properties of the antibody groups on the surface. A further analogy 
may exist between the type of variation here discussed and the few cases of 
variation in antiserum at different stages of immunization for which there is 
immunological evidence in the literature. Browning & Wilson [1911] noted that 


1 If this conception is correct the application of the terms “non-resistant” and “resistant” to 
the antibody groups themselves might not be entirely justifiable. 
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the immune body present in a haemolytic antiserum at different stages of 
immunization varied in its capacity for leading to complement fixation when red 
cells were sensitized with multiple doses. Thiele & Embleton [1913-14] describe 
various qualitative changes in the development of immune body, and Fildes 
[1920] found differences in antimeningococcal serum in rabbits at different 
stages of immunization. It would be of considerable interest to determine if the 
resistance to proteolytic enzymes of other antibodies, particularly antitoxins 
and antibacterial substances in therapeutic sera, varied in the course of im- 
munization as did that of the typhoid H agglutinin. 


SUMMARY 


1. The O agglutinins in all serum samples from three horses immunized with 
B. typhosus were rapidly destroyed by pepsin, trypsin and activated papain. 

2. The H agglutinins in serum samples obtained from each of three horses 
after a first immunizing course were rapidly destroyed by proteolytic enzymes. 
Those in samples obtained after several immunizing courses were not appreciably 
destroyed under identical conditions. 

3. The H agglutinins which were apparently resistant to pepsin and trypsin 
were not resistant to activated papain. 

4. The globulin fractions of serum obtained after the first and subsequent 
immunizing courses were hydrolysed to approximately the same extent by 
proteolytic enzymes. 

5. Peptic digestion giving an increase in amino-N of less than 5% of the 
total N was accompanied by complete destruction of the H and O agglutinins in 
the globulin fraction of serum obtained after a first immunizing course. 

6. Peptic digestion giving an increase in amino-N of 17 % of the total N was 
not accompanied by an appreciable reduction of H agglutinin titre in the 
globulin fraction of serum obtained after a later immunizing course. Tryptic 
digestion giving an increase in amino-N of 36 % of the total N was accompanied 
by less than 50% reduction of H agglutinin titre. 

7. The H and O agglutinins in the globulin fraction of serum obtained after a 
first immunizing course were not destroyed by yeast dipeptidase at pH 7-8 or 
by yeast aminopolypeptidase at pH 7-0. 

8. The action of proteolytic enzymes on the H agglutinin in serum from 
rabbits immunized with suspensions of different strains of B. typhosus prepared 
in various ways, was investigated in a few preliminary experiments. 

9. The significance of the results obtained and their bearing on the chemical 
nature of antibodies is discussed. 


It is a pleasure to acknowledge my indebtedness to Dr A. Felix,to Dr W.T. J. 
Morgan and to Prof. R. Robison, for their continued interest and much helpful 
advice. 
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IX. THE SYNTHESIS OF RESERVE 
CARBOHYDRATE BY YEAST 


III. THE NATURE OF THE INSOLUBLE 
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THERE has been considerable discussion as to the best method to be adopted in 
isolating the reserve carbohydrate of yeast. In order to isolate the insoluble 
carbohydrate all other material of the cell must be brought into solution and 
with this object earlier workers have extracted yeast with solutions of KOH 
varying from 3 to 60%. The residue contains the insoluble carbohydrate whilst 
the soluble polysaccharides, glycogen and gum, may be precipitated by alcohol 
from the diluted alkaline solution. 

Zechmeister & Toth [1934] used 3 % KOH followed by 3 % HCl and examined 
the residue left after washing with alcohol and ether. They showed that their 
residue was soluble in cold concentrated HCl, by which it was gradually hydro- 
lysed to glucose, a reducing biose being formed as an intermediate product. 

Treatment with alkali and acid has been condemned by Sevag e¢ al. [1935], 
who claim by repeated treatment with water and organic solvents to have iso- 
lated a soluble polysaccharide of which the insoluble carbohydrate isolated by 
Salkowski and other workers is a breakdown product. Zechmeister & Toth have 
effectively replied to these criticisms and we would point out that as glycogen and 
yeast gum were extracted from yeast by the action of water and separated by 
saturating their solution with ammonium sulphate [Harden & Young, 1902] it 
seems clear that the soluble carbohydrate of Sevag and his colleagues must have 
contained both yeast gum and glycogen. 

Later, in order to avoid the action of strong reagents, Zechmeister & Toth 
[1936] made use of the action of enzymes to bring into solution the contents of the 
yeast cells and the findings of these workers as to the nature of the insoluble 
carbohydrate residue seem to be in harmony with our conclusions. 


METHOD OF PREPARATION OF THE INSOLUBLE CARBOHYDRATE 


Initial heating of the yeast with concentrated KOH was chosen in preference 
to boiling with water or dilute KOH. A portion of Salkowski’s “‘erythro- 
cellulose” is indeed removed by this method but a large part of this still 
remains in the insoluble fraction. 

500-1000 g. of pressed yeast were digested with an equal number of ml. 60 % 
KOH for 3 hours on the boiling water-bath. To the cooled material, 96% 
alcohol was added until the precipitate formed was no longer too slimy to filter, 
rather less than 2 volumes of alcohol being used. The residue after filtration was 
washed two or three times with alcohol and finally washed down into a flask 
with hot water. The further separation of soluble matter from the gelatinous in- 
soluble carbohydrate was best accomplished by allowing the insoluble portion to 
settle and after siphoning off the supernatant liquid three or four times, boiling 


( 72 ) 
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the residue with water and filtering hot on a large Biichner funnel under ordinary 
pressure. The material was washed several times on the filter with boiling water, 
then washed down into a flask, the liquid boiled and again filtered. This process 
was repeated until a few ml. of the filtrate after boiling with a little concentrated 
HCl for 15 min. gave no reduction with Fehling’s solution, showing that all 
soluble carbohydrate had been removed. The residue was dried as com- 
pletely as possible, thoroughly washed with 96% alcohol and transferred to a 
flask where it was refluxed with absolute alcohol for about 2 hours. The filtered 
residue was washed with alcohol and ether, spread out on a watch glass till dry, 
passed through a sieve to remove any fluff from filter paper and left in a vacuum 
desiccator over sulphuric acid. 

The product was a fine, almost white, hygroscopic powder containing no 
nitrogen. Varying percentages of ash were present, three different preparations 
giving 8-4, 5-8 and 3-3% respectively. It was insoluble in organic solvents, in 
boiling water and in cold alkali; on heating with NV/2 HCl on the water-bath 
about 50 to 60% was brought into solution as reducing sugar, giving glucos- 
azone with phenylhydrazine; no mannosehydrazone was detected. On heating 
with alkali on the water-bath, a substance was dissolved which was precipitated 
by alcohol, gave a brown colour with iodine and on hydrolysis a reducing sugar 
(Table I). 


Table I. Percentage of insoluble carbohydrate converted into reducing sugar 
(calculated as glucose) by successive treatments for two-hour periods with 
alkali and acid 

1 2 3 4 5 6 Total 
Reagent N/2NaOH N/2NaOH NNaOH 2NNaOH 2NNaOH N/2 HCl % 
Specimen A 72+ 3-0+ 4-8+ 8-9+ 6-3 + 21-9= 2 


“l 
Specimen B (Treated directly with acid) 52-6= 2-6 


It may be inferred from these results that the same material was attacked by 
acid as by alkali. 

The effect of digesting the substance with cold N HCl was remarkable. On 
making the extract alkaline, a small gelatinous precipitate was thrown down 
which proved to be mainly magnesium hydroxide. Prolonged extraction of the 
original substance with boiling water removed some phosphate but no magnesium ; 
three times as much phosphorus, however, was extracted by cold acid. Magnesium 
and phosphate must, therefore, have been dissolved by the action of the acid. 
Further evidence that the carbohydrate was in some way combined in the 
original residue was afforded by the fact that, after treatment with cold acid 
and careful washing free from acid, prolonged boiling with water brought into 
solution some 40 % of the previously insoluble residue. A second treatment with 
cold acid followed by boiling water dissolved only a negligible amount, so that 
the water-soluble substance set free by washing with cold acid had been com- 
pletely removed. 

By treatment with cold HCl, the water-insoluble carbohydrate had, there- 
fore, been separated into a water-soluble substance and a water-insoluble residue, 
the process being accompanied by the solution of magnesium and phosphate. 

Salkowski’s observation that more of his erythrocellulose was brought into 
solution if extraction with 60% KOH was followed by a second treatment 
supports the view that this polysaccharide was a degradation product of an 
insoluble carbohydrate complex. Ling et al. [1925] found that far more glycogen 
was extracted by 2% NaOH solution from dried yeast than by water alone and 
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came to the conclusion that glycogen in the yeast cell existed in two forms, one a 
constituent of the plasma readily extractable and the other more intimately 
connected with the cell-wall and occurring as a phosphoric ester. They regarded 
the two forms of glycogen as identical, but their method of separation did not 
enable them to prepare specimens of the free and combined glycogen. 

The observation that preliminary treatment with acid alters the nature of the 
original insoluble carbohydrate complex, removing magnesium and phosphate 
and rendering part of the carbohydrate water-soluble, does not appear to have 
been previously recorded. 


NATURE OF THE WATER-SOLUBLE CARBOHYDRATE 


The solution thus obtained was neutral, showing an opalescence similar to 
that of glycogen and giving a red-brown colour with a solution of iodine. 
The opalescence was approximately one-fifth as intense as that of a solution 
of yeast glycogen of equal concentration. A precipitate was thrown down 
on saturating the solution with ammonium sulphate. The addition of two 
volumes of alcohol to the water solution caused it to become milky but precipita- 
tion did not occur until a little sodium acetate had been added; the white pre- 
cipitate was well washed with alcohol and ether, redissolved in water and re- 
precipitated with alcohol and this process repeated. A fine snow-white powder 
containing only a trace of ash was thus obtained. This, when hydrolysed by heating 
for 2 hours with N HCl on the water-bath, gave a quantitative yield of glucose, 
identified by its specific rotation and by the crystalline form and mixed melting 
point of the osazone. 

The analytical figures were in close agreement with those given by Harden & 
Young [1902] for yeast glycogen dried at 100° and containing 1-8 % moisture ; these 
authors found that the final traces of moisture were only removed by drying at 
100° in vacuo over P,O;. Found: C, 43-65; H, 6-41°%,. C,H, 0; requires C, 44-44; 
H, 6-17%. 6C,H,,0;+H,O requires C, 43-63; H, 6-26%. 

The properties of this substance agree well with those of Salkowski’s 
“erythrocellulose’”’ [1894; 1914] prepared by a somewhat similar method, for 
Salkowski included in its preparation a treatment with cold HCl. When he 
autoclaved the resulting material with water he obtained in solution a substance 
similar in properties to our preparation: specific rotation [«]p, 176-6°; 175-7° 
(Salkowski [«]p, 173-7°). 

This soluble carbohydrate closely resembles glycogen in its properties but 
differs from it in specific rotation and in the degree of opalescence. Opalescence 
was shown by Harden & Young [1902] to vary considerably for specimens of 
glycogen of different origins and they concluded that neither the degree of opal- 
escence nor the intensity of colour with iodine could be regarded as an essential 
quality. Clautriau [1895] estimated the opalescence of a solution of yeast 
glycogen (containing from 1 to 3-15% ash) at about one-fourth that of rabbit 
glycogen. Harden & Young found the opalescence of a solution of glycogen from 
the oyster to be 2-5 times as great as that of a corresponding solution of yeast 
glycogen. Low degree of opalescence seems, therefore, to be definitely associated 
with yeast glycogen. 

Comparison of optical rotation must be made with glycogen which has been 
extracted from yeast by water, since Salkowski’s findings, confirmed by our own, 
show that extraction by alkali would cause contamination with his “‘erythro- 
cellulose’. Harden & Young [1902] obtained as a mean value [%]p, 198-3° for 
yeast glycogen which had been extracted by water, then freed from protein, 
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purified and dried over P,O;. The presence of about 2°% water in our soluble 
carbohydrate, in agreement with the analytical figures, would raise the [a]p to 
+179-6°, but the difference between this value and the + 198-3° recorded for the 
yeast glycogen obtained by direct extraction appears to us to be too great to be 
due to experimental error. 

For a specimen of glycogen containing 1-59 % ash, prepared by boiling dried 
yeast for 3 to 4 hours with 2% KOH, Daoud & Ling [1931] found [«])+ 179°, but 
since from their mode of preparation they must have had a mixture of soluble 
glycogen with that liberated from the insoluble carbohydrate complex by the 
prolonged boiling with alkali, their result cannot be used as evidence to dis- 
criminate between the two forms. When, however, they compared the [«]p of 
samples prepared by extraction with water and dilute alkali respectively their 
values were +201° and +179°, a result in agreement with our conclusion that, 
though closely similar to the free glycogen of the yeast cell, “‘erythrocellulose”’ 
is not identical with it. Confirmation of this view was furnished by Gott- 
schalk [1926] who showed that ‘‘erythrocellulose” from yeast was fermented 
much less readily than was yeast glycogen. The name “erythrocellulose”’ 
(Salkowski) seems particularly unsuitable and we propose for the present to refer 
to the water-soluble carbohydrate liberated by the action of alkali or of cold 
dilute acid on the insoluble polysaccharide as ‘“‘ pseudoglycogen”’. 
























PROPORTIONS OF THE CONSTITUENTS 


The content of magnesium in the cold acid extract of the total insoluble 
carbohydrate was estimated as ammonium magnesium phosphate, using the 
method of McCrudden [1909] modified by Jones [1916]. Extracts from three 
different preparations gave the following percentages, calculated on the total 
weight of original insoluble carbohydrate. 











Specimen % Mg % P % P cale. as PO, 
1 1-28 0-14 0-43 
2 2-34 0-20 0-61 
3 0-92 0-39 1-18 






If the relations of the number of atoms of magnesium and of the PO, group to 
the (C,H,,0;) unit of the insoluble carbohydrate are calculated, we get the 
following results. 










Atoms Mg : (C,H,,0;) units (PO,) : (CgsH,,0;) units 
1 11-4 1 134 
1 6-2 1 34 
1 13-5 1 48 




















Since it is quite possible that the insoluble carbohydrate residue which remained 
after treating with cold acid and boiling water has no connexion with the 
magnesium and phosphate, and since only about 40 to 50% of the carbohydrate 
was converted into pseudoglycogen, the ratio of Mg atoms to the C,H,,O0; units 
liberated as pseudoglycogen would be 1:3 to 7; the ratio of phosphate group to 
soluble carbohydrate would be of the order of 1 : 20-70. These numbers can only 
be regarded as giving the roughest indication of the relations of the constituents 
since the variations in the proportions of the inorganic components were so 
great. 

Nasse [1885] observed that glycogen formed a compound with barium 
hydroxide of approximately constant composition, 5(C,H,.0,).Ba(OH).. 
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Karrer [1921] isolated soluble substances of definite chemical composition from 
the action of NaOH on the «-amyloses of starch and showed that in these one 
molecule of NaOH was associated with one biose sugar group. During the 
process of preparation of the yeast insoluble carbohydrate, the action of potash 
would convert any soluble magnesium salts present in the yeast into the hydroxide 
which would therefore be precipitated with the insoluble carbohydrate. It seems 
unlikely that the magnesium hydroxide would become associated with the 
insoluble carbohydrate during the treatment with strong potash, since this 
treatment gradually liberated the pseudoglycogen from the insoluble carbo- 
hydrate fraction. 

Some association between the pseudoglycogen and the magnesium appeared 
possible since when the latter was removed by the action of cold dilute acid the 
former became extractable by boiling water. We endeavoured therefore to 
remove the magnesium without breaking down the insoluble carbohydrate to 
pseudoglycogen. When the insoluble fraction was suspended in water and CO, 
passed into the solution, the whole of the magnesium passed into solution; but 
when subsequently boiled with water for 2 hours, only 5% of the soluble hydro- 
lysable carbohydrate passed into solution. The wet residue was then treated 
with cold dilute HCl (0-4) and well washed with water; boiling for 2 hours 
with water now produced an opalescent solution which on hydrolysis gave about 
12% of pseudoglycogen calculated on the original weight of the insoluble 
fraction. The fact that the carbonic acid solution removed all the magnesium 
but only set free a small amount of hydrolysable carbohydrate is perhaps best 
in accord with the view that the removal of at any rate the greater part of the 
magnesium was independent of the action of acid on the insoluble carbohydrate 
and the action of the cold acid must have converted a readily hydrolysable 
insoluble polysaccharide into the water-soluble pseudoglycogen. 

The possibility that a magnesium-polysaccharide, gradually broken down 
by the action of potash, exists in the yeast cell, cannot be completely excluded. 
Further evidence is required as to the nature of the compound converted by the 
action of the cold dilute acid into the soluble pseudoglycogen. 

The ready removal of magnesium from the insoluble carbohydrate of yeast 
on washing with dilute acid recalls the observation of Lohmann [1931] that 
dried yeast, after washing with dilute acid, will only break down glycogen and 
hexosephosphates in a solution to which magnesium has been added. Sufficient 
magnesium was retained by dried yeast washed with water to act in conjunction 
with the cozymase. The necessity for magnesium in the fermentation of 
glucose and its influence on the phosphorylation process were indicated by the 
experiments of Euler et al. [1931]. The part played by magnesium in this process 
has not been determined. 

Daoud & Ling [1931] have brought forward evidence that the cell membrane 
of yeast consists of phosphoric and silicic esters of glycogen and yeast gum. We 
have been unable to obtain evidence of the presence of silicic acid or of an 
insoluble form of yeast gum, but we confirm the presence of phosphate in the 
insoluble carbohydrate fraction although only in small proportion. Small 
quantities of phosphate were removed both by the treatment with carbonic 
and with hydrochloric acid solutions. 

There seems to us at present no satisfactory evidence that magnesium and 
phosphate are bound in the same compound with carbohydrate units. The 
existence of a mixture of phosphoric esters of glycogen with a magnesium 
hydroxide and a polysaccharide converted by cold dilute acid into pseudo- 
glycogen compound is possible. 
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No evidence was obtained that this magnesium-phosphate-polysaccharide 
complex was connected with the rest of the insoluble carbohydrate fraction. 
There was no indication that the properties of the insoluble residue had been 
altered after the removal of the magnesium-phosphate-pseudoglycogen complex 
and although the proportion of the latter to the insoluble residue was approxi- 
mately constant in different specimens prepared from yeast from the same source, 
this cannot be regarded, in the absence of any direct evidence, as establishing any 
definite connection between these two substances. 

The figures in Table II show the proportions of carbohydrate (calculated as 
glucose after hydrolysis) extracted by treatment with various reagents from two 
portions of the same specimen of the insoluble carbohydrate, and indicate: 

(1) That the original material is practically insoluble in water. 

(2) That after treatment with cold HCl, boiling with water removes nearly the 
whole of the water-soluble carbohydrate (pseudoglycogen). 

(3) That boiling water alone extracts small quantities of phosphate and 
carbohydrate in the proportion of 1 PO, to 4-3 (C,H,,O,) units. After treatment 
with cold HCl, the proportions of magnesium and carbohydrate removed were 
in the ratio of 1 Mg atom to 6-4 (C,H,,O0,;) units: additional phosphate was also 
liberated by the acid, and if this were combined with carbohydrate which did not 
form part of the Mg-glycogen complex, the number of C,H,,O0; units combined 
with 1 atom magnesium would be slightly diminished. 

(4) That only after boiling with N HCl does a substance soluble in cold NV 
NaOH appear. The sum of the percentages of pseudoglycogen and of the 
carbohydrate extracted by boiling acid was 61, a value which agrees with 
determinations of glucose obtained by hot acid treatment of the original 
material (63-3 ; 60-4; 54.4%). The proportions of the various constituents were 
therefore approximately the same for different specimens. 


Table II 


Wt. carbo- 
hydrate calcu- 
lated as glucose Wt. Mg Wt. PO, 
No. 1. 0-99 g. taken. g. g. g. 


Successive treatment with 
(1) Boiling water 0-03 0-000 0-004 
(2) Boiling water 0-00 
(3) Cold N NaOH 0-01 
No. 2. 0-98 g. taken (ash content 0-03 g.). 
(1) Cold N HCl 0-03 
(2) Boiling water ; 
(3) Boiling water 
(4) Cold N HCl 
(5) Boiling water 
(6) Cold NV NaOH 
(7) Boiling N HCl 
(8) N HCl at 120°, under pressure, after 
solution in alkali, filtration and re- 
precipitation by acid 
Total 


NATURE OF THE WATER-INSOLUBLE RESIDUE 


The residue after separation of the pseudoglycogen was practically free from 
ash, was coloured brown by iodine and contained 43-59 % C; 6-61% H, thus 
closely resembling in composition the pseudoglycogen (C, 43-65; H, 6-41%%). 
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It was insoluble in water and in cold acid and alkali. When heated on the water- 
bath with NV HCl, it was attacked with liberation of glucose (identified by its 
specific rotation and by the crystalline form and melting point of the osazone). 
The residue remaining after this treatment had been continued for 2 hours was 
completely and immediately soluble in cold alkali. The solution was somewhat 
cloudy but became clear if shaken with a little charcoal and filtered. On the 
addition of acid, at about pH 7-8, a colourless gelatinous precipitate appeared, 
which was purified by dissolving in alkali, reprecipitating with acid and washing 
free from electrolytes with water. Since this substance is soluble in alkali and re- 
precipitated by acid, we propose to refer to it as yeast “acid carbohydrate ”’. 

Nature of the yeast “acid carbohydrate”’. This substance was free from nitrogen 
and ash. Analysis (micro) gave C, 44-67; H, 6-86%. It gave no colour with 
iodine and was soluble in boiling water to the extent of about 5 to 7 mg. per 
100 ml. A solution in 0-4 N NaOH gave [«]p +10-7°. From the acid nature of 
the substance it was thought that the hexuronic acid grouping might be present 
and we, therefore, attempted to determine its equivalent by dissolving a weighed 
portion in a known volume of standard alkali and titrating the excess with 
standard acid. The results, however, varied over a large range, values from 418 to 
5337 being obtained. The substance was very resistant to hydrolysis. It was only 
partially attacked by heating on the water-bath with N HCl for several days. 
It was, however, brought completely into solution by heating with N acid under 
pressure in a stoppered bottle at 120° for about 9 hours. 

Examination of the hydrolysate for sugars showed the presence of glucose; 
a positive aniline acetate test suggested the possible presence of a trace of pentose 
or uronic acid, but we did not succeed in confirming this. In one experiment the 
hydrolysate obtained with N H,SO, under pressure was removed when partial 
solution had taken place and the residue was again hydrolysed with N H,SO,. 
Whereas the first hydrolysate yielded pure glucosazone and gave [«]54., +56-79° 
({]s46-1 for glucose is + 62°), the second gave an osazone which crystallized badly 
and depressed the melting point of glucosazone by 10°: its rotation was [«]546) 
+64-28°, the concentration of sugar being calculated as glucose in both cases 
from the reducing power. It has not yet been found possible to identify satis- 
factorily a uronic acid group in the molecule, the hydrolysate giving a negative 
test with naphthoresorcinol. It is possible that the conditions of hydrolysis 
might destroy the uronic acid as soon as it was set free. It would appear from 
the osazone obtained and from the close agreement of the specific rotation 
with that of glucose that the proportion of acid group present is probably small. 

Acetylation of the ‘‘acid-carbohydrate”’. 6 ml. acetic anhydride, 14 ml. glacial 
acetic acid and 2 drops perchloric acid (sp. gr. 1-12) were added to 0-4 g. of the 
substance and heated to 60° for about 9 hours. Complete solution was effected 
and on adding water a white precipitate was obtained which, when filtered off, 
washed with water and dried, was completely soluble in chloroform. Found: 
C, 49-24; H, 5-859. The triacetyl derivative of (C,H,,0;),, requires C, 50-00; 
H, 5-55%. 

The glucose obtained by boiling the insoluble residue (obtained from the 
original insoluble carbohydrate after treatment with cold acid and removal of 
pseudoglycogen) with NV acid must have been linked with an acid group in the 
insoluble residue, for until the glucose had been split off, the carbohydrate was 
insoluble in alkali. 

Immunological properties of yeast ‘‘acid-carbohydrate”’. The identification of 
an acid group in the polysaccharide split off from the insoluble fraction of the 
yeast carbohydrate suggested that this substance might have immunological 
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properties similar to those shown by the specific carbohydrates which have been 
isolated from various bacteria by Heidelberger and Avery and by many other 
workers. 

Mueller & Tomesik [1924] obtained from rabbits which had received intra- 
peritoneal injections of yeast, a serum which in dilutions up to 1 in 100 aggluti- 
nated a suspension of yeast cells, the results, however, being somewhat irregular. 
A solution of an alcohol-insoluble fraction made from an alkaline saline extract of 
the yeast cell gave at a dilution of 1 in 10,000 a good precipitin reaction with the 
yeast antiserum, but again the results were inconstant. The yeast residue antigen 
preparation gave a precipitate with Fehling’s solution which carried down with 
it the specific substance of the yeast. The first preparation of yeast gum made by 
these authors according to Salkowski’s directions gave a precipitin reaction with 
antiyeast sera at a dilution of 1 in 10,000, but the subsequent preparations gave 
negative results. The evidence that the immunological properties were associated 
with yeast gum was, therefore, unconvincing. 

Sugg & Neill [1929] found that antiyeast sera agglutinated and protected 
mice against pneumococcus Type II as well as the sera obtained by immunizing 
rabbits with the Type IT bacteria: corresponding experiments made with Types I 
and III gave negative results. 

Sevag et al. [1935] described the extraction from S. cerevisiae of a water-soluble 
polysaccharide which at a dilution of 1 in 10,000 precipitated the antiserum of 
pneumococcus Type IT and at a dilution of 1 in 1000 that of Type I. 

Dr W.T. J. Morgan tested for us the serological properties of the carbohydrates 
now isolated. Whereas solutions of yeast gum and of “‘pseudoglycogen”’ in 
concentrations of 1 in 10,000 gave no precipitin reaction with the antiserum of 
Type II pneumococcus, a solution of the “‘acid carbohydrate” isolated from the 
insoluble fraction gave a good reaction in a concentration of 1 in 20,000. This 
substance appears therefore to be responsible for the immunological properties 
of yeast previously described and to be related to, though not identical with, the 
specific polysaccharide of the Type II pneumococcus. Further work on this 
subject is in progress. 

SumMaRY. 

1. The insoluble carbohydrate fraction of yeast contains an insoluble sub- 
stance or substances in which a polysaccharide, magnesium and phosphate are 
contained. 

2. When this insoluble complex was treated with cold N HCl, magnesium 
and phosphate were dissolved and a polysaccharide soluble in water was formed. 
The latter closely resembled glycogen but differed from it by a somewhat lower 
specific rotation and a lower degree of opalescence. 

3. The carbohydrate residue from treatment with acid remained insoluble in 
water and cold alkali. On heating with N HCl it gave glucose and a carbohydrate 
containing an acid group, since it had now become alkali-soluble and was pre- 
cipitated from the alkaline solution by acid. It had [«])+10-7° and gave a 
triacetyl derivative. 

4. The “acid carbohydrate” was very slightly soluble in water but evidence 
was obtained that it is the substance responsible for the immunological properties 
of yeast described by various observers. It showed a definite resemblance in its 
serological properties to the Type II pneumococcus specific polysaccharide ; the 
two polysaccharides are, however, not identical. 


We desire to express our grateful thanks to Dr W. T. J. Morgan for under- 
taking the serological examination of these substances. 
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THOUGH it is well known and generally accepted that the vitamin D content of 
cow’s milk is subject to seasonal variation, and that it is higher in summer than 
in winter, no agreement has so far been reached as to the exact causes of the 
difference. The problem at issue is whether the increase observed in summer is 
due to the properties of the pasture compared with those of foods used in winter, 
to the direct action of the sun on the cow, or to a combination of the two factors. 
In the opinion of Chick & Roscoe [1926] the antirachitic value of milk depends 
principally upon the degree of insolation of the cow, but fresh green food is said 
to be a contributory factor. The superior calcifying potency of butter produced 
by cows exposed to sunlight as compared with butter yielded by cows fed in the 
dark is mentioned in a brief report by Dutcher & Honeywell [1927]. After 
extensive tests Steenbock et al. [1930] have reached a different view, namely 
that ‘“‘the well recognized superior quality of summer-produced milk and butter 
fat must. ..have its primary origin in other factors than sunlight acting directly 
upon the cow”. 

More recent evidence based either on the vitamin D content of milk produced 
in winter by cows receiving artificially dried grass [Watson et al. 1933] or on the 
rickets-preventing action of dried grass when fed to rats [Anonymous, 1933] or 
calves [Bechdel & Borland, 1934] would allow one to infer that grass itself 
cannot serve as a source of vitamin D. 

Such conflicting evidence has led us to carry out the experiments described 
below. 

EXPERIMENTAL 


(1) Plan of experiment 


The experiment was carried out in 1936 between 1 May and 30 June, that is 
at a time when, under our conditions, the actinic activity of the sun is high and 
grass is plentiful. 

Eight Shorthorn cows were used. Six of them were known to give positive 
reactions to the agglutination test for contagious abortion and two of these had 
calved prematurely. The other two cows—Linda 5 and Lottie 5—had given a 
negative result to the agglutination test. The grouping of the cows is given in 
Table I. The treatment was as follows: 


Group 1. Winter housing and feeding conditions. 

Lottie 8 and Flora 16. Kept indoors day and night in a well-ventilated and 
lighted shed. All the light came into the shed through glass. The cows were not 
exposed to direct sunlight and received a normal winter ration consisting of 
25 Ib. of pulped mangolds, 3 lb. of dried sugar-beet pulp (together equal to about 

1 Read before the Biochemical Society, 17 October 1936 [Campion e al. 1936]. 
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Table I. Distribution of cows on experiment 





Days Colour percentage Treatment 
Name of  Lacta- since ann = = : 
tion calving Red White Roan Before experiment On experiment 
Lottie 8 2 74 100 _ — Kept indoors from 
18. ii onwards | Normal winter ration in- 
Flora 16 4 92 90 10 -- Kept indoors from | doors 
20. iii onwards 
Carlet 3 5 140 - -- 100 Kept indoors from ) 
14. iii onwards ‘Normal winter ration out- 
Lottie 7 2 50 10 30 60 Kept indoors from doors with no grass 
; 12. iii onwards ) 
Linda 5 2 168 90 10 — With herd pray ration on pasture 
Lottie 5 3 110 80 20 — With herd with the herd 
C i é - rs c i . . 
as " ” - a ) Summer ration fed indoors 
See : rith 1 ewt. cut gra 
Pippin 1 4 87 100 a -- Kept indoors from j = daily Soe 
20. iii onwards 


45 lb. of mangolds), 15 lb. of vetch and oat silage and 5 Ib. of seeds hay daily 
for maintenance and a concentrate mixture consisting of flaked maize 3 parts, 
dried brewer’s grains 3 parts, crushed oats 1 part, decorticated groundnut, cake 
1 part and linseed cake 1 part, fed according to milk yield. Throughout the 
period the yield of this pair of cows declined gradually in a normal manner. 


Group 2. Winter feeding conditions and direct exposure to summer sun- and sky-shine. 


Carlet 3 and Lottie 7. This pair was kept in a small fenced yard made partly 
in the open and partly under a Dutch barn, and received the same production 
mixture and maintenance ration as the above pair. The maintenance ration was 
fed under the Dutch barn out of direct sunlight between 9 and 10 a.m. and at 
about 5p.m., and was usually quickly consumed. It was noticed that on 
finishing the morning allowance of maintenance ration the cows would lie down 
in the shade, so on and after 18 May they were shut out in the open part of the 
yard from 12 noon (B.S.T.) until they were fetched in for milking at about 3 p.m. 
This was done on all days when it was not raining hard, and so the conditions 
were similar to those of the cows on grass which had to graze for some part of the 
day in direct sunlight. From 1 to 3 May this pair was only put into the yard 
during the daytime (from after the morning milking until the evening milking) ; 
thereafter they were in the yard day and night except for milking (6 a.m. to 
9 a.m. and 3 p.m. to 5 p.m.). During the time they were in the fenced yard care 
was taken that no grass or greenstuff grew within reach of the cows. The milk 
yield of both cows declined gradually in a normal manner throughout the 


period. 


Group 3. Normal summer conditions. 

Linda 5 and Lottie 5. This pair of cows was running with the herd for the 
duration of the experiment, and the grazing was changed to fresh pastures as 
and when conditions made it necessary. The quality of the pasture was good, 
but for brief periods the grass was short, and this necessitated an extra amount of 
exercise in the light while the cows were grazing. In all fields there was ample 
shade. From 28 April and throughout the period of the experiment this pair of 
cows was on pasture day and night. Up to 5 May, in addition to pasture they 
received an allowance of a mixture of concentrates consisting of flaked maize 
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3 parts, dried grains 3 parts, crushed oats 1 part, decorticated groundnut cake 
1 part and linseed cake 1 part, and from 6 May to the end of the experiment the 
concentrates consisted of a mixture of maize germ cake 2 parts and undecorti- 
cated cotton cake 1 part. The milk yield of Linda 5 declined slowly during the 
period, whereas the milk yield of Lottie 5, which was higher than that of 
Linda 5 at the beginning, declined more rapidly. This cow received a larger 


allowance of concentrates throughout the period. 


Group 4. Summer feeding conditions but no direct exposure to sun- or sky-shine. 


Pippin 1 and Campion 3. These two cows were kept indoors under the same 
conditions as group | but received a known amount of freshly cut grass for the 
maintenance ration. The amount of cut grass given per head was increased 
gradually from 46 lb. on 1 May to 112 lb. on 19 May and then remained constant 
at that rate. The daily quantities from 1 May to 19 May are shown below: 

46 lb. 6 May 67 lb. 11 May 75 lb. 16 May 100 Ib. 

46 ,, 1 64 ,, Ss 96 ,, Re. % 102 ,, 
56 ,, S 70 ,, . 96 ,, is , 98 ,, 
56 ., 9 » Te os ° 95 ., 19 ,, 112 ,, 
65 ,, 10 ,, 75 ., Bs 100 ., 


In addition to the cut grass, these cows received the same mixture of con- 
centrates as the cows in group 3. They were thus under summer conditions 
except that they had no direct sun- and sky-light and little exercise. 

The milk yield of Pippin 1 declined more rapidly than usual during the 
experimental period. Campion 3 calved prematurely on 20 April and her milk 
yield declined at a normal rate. 

The estimate of 112 lb. green grass daily as the consumption of a cow is 
supported by recent work in America using Holstein and Jersey cows, which has 
since been published [Woodward, 1936]. Therein it is concluded that a cow’s 
capacity for grass is about 150 lb. of immature green grass per day. The cows 
were on a plentiful supply of grass. While it was impossible to get any accurate 
estimate of the grass eaten by a Shorthorn cow under herd conditions at this 
Institute where the amount of grass available gradually decreases until the cows 
are put on new pasture, it is believed that the amount of cut grass fed to the 
cows indoors (112 lb. daily) approximates to the average consumed by the cows 
outdoors. This belief is supported by the estimations of the vitamin A and 
carotene contents of the milks of the experimental groups, reported on p. 84. 

The fresh grass was cut before noon every day and fed during the succeeding 
24 hours except at the weekend when a double amount was cut on the Friday 
and fed on Friday and Saturday, and a single lot cut on Saturday to be fed on 
Sunday afternoon and Monday morning. 

The grass was cut from a field intended for mowing to give a crop of hay and 
only the areas of shortest grass were cut. Towards the end of the experimental 
feeding period some of the grasses were in flower and by this time also there was 
an increasing amount of clover present in the herbage. 

After cutting, the grass was put into sacks for transport to the farm buildings, 
where it was emptied and spread thinly (to avoid heating) on a cold concrete 
floor in a dark room until fed. 


(2) Weather conditions 


May was very dry with only 7 days with a precipitation of 0-2 mm. or more, 
and a total rainfall of 22 mm. Many days though rainless were dull, and the two 
meteorological stations nearest to Shinfield, Ascot Heatherwood and Warfield 

6—2 
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reported respectively daily averages of 6-65 and 6-47 hours of bright sunshine. 
June was very wet; it had 15 days with a precipitation of 0-2 mm. or more and a 
total rainfall of 96 mm. The two above-named stations recorded respectively 
6-46 and 6-13 hours of bright sunshine. The second half of June was, in Shinfield, 


much more sunny than the first with some 10 sunny days. 


(3) The vitamin A and carotene contents of the milks (butters) of the four 
groups of cows 


As a check on the feeding and to make sure of the normal behaviour of the 
cows, estimations of the carotene and vitamin A contents of the milks were 
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. Vitamin A and carotene contents of butter fats from cows on various treatments. 
Group 1, winter housing and feeding conditions. - - Group 2, winter feeding 
conditions. Direct exposure to sun- and sky-shine. Group 3, normal summer conditions. 
--++ Group 4, summer feeding conditions but no direct exposure to sun- or sky-shine. 


| Cows turned out to grass. 


carried out at frequent intervals. Butters were churned once a week from the 
milks of the experimental cows. Fig. 1 presents the results of estimations 
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expressed in Moore units and carried out according to the method described by 
Booth et al. [1933]. It will be seen that, with the exception of group 3 which had 
gone out to pasture with the herd before the experiment was started, the other 
groups showed at the beginning levels of carotene and vitamin A typical of the 
stall-feeding season. The two groups fed on winter rations (groups 1 and 2) 
continued at this low level throughout the experiment. On the other hand the 
butter of group 4, receiving freshly cut grass, rose rapidly to the same level as 
the butter of the pasture-fed cows. 


(4) The vitamin D content of the milks (butters) of the four groups of cows 


The milk yield and fat percentage of individual cows were measured at each 
milking. Two samples of butter were churned from the pooled milk of each 
group of cows for rat-feeding tests. The first churning was carried out on milk 
collected between the morning milking of 16 June and the evening milking of 
18 June, both dates inclusive. For the second, milk yielded between the evening 
milking of 27 June and the morning milking of 30 June was used. The butters 
were melted at 60° and filtered, and the butter fats were stored at —2°. The 
vitamin D contents of the butters were assessed in prophylactic tests on rats by 
the technique described by Kon & Henry [1935]. The first churning of each 
group was used for the first fortnight and was then replaced by the second 
churning. All butters were tested at one level of intake, 0-3 g. of butter fat per 
rat per day (with the exception of Sundays) on groups of 15 rats and compared 
with 3 levels of the 1.s. for vitamin D (V.D. 12) and with negative controls. There 
were only 10 rats on the 0-2 unit level of the standard. All comparisons were 
between litter-mates. The results of the tests are given in Table IT. 


Table II. Bone ash percentage of the rats on various treatments 


57 5 Butters 
Negative —_—_ HU“ ey 

controls 0-05 unit 0-1 unit -2 uni Group 1 Group2 Group3 Group 4 
A nm Oo —a_— OOOO OO OTC 
Ash Ash Ash Ash Ash Ash Ash Ash 

litter Sex % % % Sex % % % Sex % 9, 
29-6 32-4 37-1 — 40-6 41-9 44-2 
29-0 36-0 40-9 39-3 36-0 44-7 39-9 
26-0 36-4 43-9 44-0 39-7 
29-0 33-2 42-5 46-8 41-4 
30-8 39-2 41-5 46-4 40-6 
27-7 39-3 — 45-3 40-8 
38-7 38-8 44-2 35-7 
41-4 — 49-1 
39-8 43-0 44-4 
33-2 44-4 
37-2 38-3 
36-8 39-4 
33-4 40-5 
38-6 40-8 
34-0 39-1 45-1 30-9 


32-04 37-28 41-11 35-77 43-69 31-19 
+0-82 +0-72 +0-70 +0-57 +0-76 +0- +0-39 
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The butters of the two groups of cows which were allowed direct access to 
sun- and sky-shine have produced much better calcification than the butters 
produced indoors. The difference is so obvious that it is superfluous to give 
statistical proof of significance. It will also be noticed that, under the same 
conditions of exposure to light, winter feeding has produced more potent butters 
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than summer feeding. The difference is smaller than in the first comparison, but 
is statistically highly significant. (The probability of the difference being due to 
chance accidents of sampling is, for butters produced indoors and outdoors, 
less than 1: 2500 when calculated from differences between litter-mate pairs 
according to “‘Student’s”’ [1908] procedure using Table X XV of Pearson [1930]. 
The gains in percentage of ash over the negative controls were as follows: 


Substance tested Gain 

0-05 unit of Is. + 4-29 
0-10 en + 9-53 
0-20 + 13-36 
0-3 g. level of butter fat of group 1 + 8-02 
0-3 g. 2 +15-94 
0-3 g. 3 +11-26 

0-3 g. 4 + 3-44 
From these gains the vitamin D contents of the butter fats have been 


calculated in 1.0. by means of the equation: 
Gain in ash % = 26-33 + 16-6 log dose (I.U.). 


The method of calculation has been fully described in an earlier paper [Kon & 
Henry, 1935]. 

For the calculation of the ratio of dosages each butter fat was compared with 
the two nearest levels of 1.s. Thus the responses of 0-05 and 0-1 1.U. were used 
for the butter fats of groups 1 and 4 and the responses of 0-1 and 0-2 I.v. were 
used for the butter fats of groups 2 and 3. Arithmetical means of pairs of results 
obtained in this way were taken as final values. 

The following values were obtained : 


Butter fat of group 1 (winter ration, kept indoors) 0-27 LU. per g. 


2 (winter ration, kept outdoors) 0-88 S, 
3 (summer ration, on pasture) 0-46 ‘ 
4 (summer ration, fresh grass, kept indoors) 0-15 a 


3? 
92 
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When the activities of butters produced on the same ration out of doors and 
indoors are compared it is found that, in the case of “summer” butters, the 


butter produced on pasture is oe 1g OF three times as poe: as the butter produced 
indoors. For “winter” butters the ratio works out at ° a oa that is also approxi- 


mately 3:1. In other words direct exposure of cows to sun- and sky-shine has 
resulted in a threefold increase in the antirachitic potency of their butter as 
compared with the butter of cows similarly fed, but given access only to light 
which has passed through ordinary glass. 

Table IIT gives the milk and fat yields of the experimental cows and also 
the amounts of vitamin D secreted by the different groups, calculated on the 
assumption that the total vitamin D activity of the milk is concentrated in the 
fat. 

The calculations are carried out on average values for milk and fat yield for 
the whole experimental period. As the experimental butters were churned from 
two 3 days’ collection periods towards the end of the experiment it should be 
said here that the relative milk and fat yields of the groups of cows during the 
collection periods were very similar to the averages used in the calculations. As 


1 The values for groups 1 and 3 agree well with the normal values for winter and summer 
Shorthorn butters produced at this Institute [Kon & Henry, 1935]. The value for group 2 is 
higher than any obtained here so far, whilst that for group 4 is the lowest. 
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Table III. Average daily yields of milk, fat and vitamin D of the experimental 
cows for the period 1 May to 30 June 


Vitamin D 1.v. 


Milk Fat Fat Per kg. 
Group Cow kg. kg. % Total of milk* 


1. Winter ration, Lottie 8 13-42 0-420 3-13 
kept indoors Flora 16 13-07 0-396 3-03 
Average 13-24 0-408 3-08 
2. Winter ration, Carlet 3 8-02 0-252 3-14 
kept out of doors Lottie 7 16-03 0-461 ~—_- 288 
Average 12-02 0-356 2-96 
3. Summer ration, Linda 5 14-60 0-537 3-68 
on pasture Lottie 5 14-97 0-560 3-74 
Average 14-78 0-548 3-71 
4. Summer ration, Pippin 1 8-54 0-307 3-59 
fresh grass, kept Campion 3 11-06 0-390 _ 3-53 — 
indoors Average 9-80 0-348 3-55 52 
* These values were given wrongly in the preliminary report [Campion ef al. 1936]. By mistake 
the figures were halved. 


the butters were churned from the pooled milks of each group only average group 
values are given for vitamin D yields. 

When these are compared it will be seen that direct exposure to sun- and sky- 
shine has caused a cow on winter ration to secrete daily some 2001.v. of 
vitamin D more than a cow similarly fed indoors. On summer ration and fresh 
grass the difference is also about 2001.v. It is interesting to note that the 
winter ration, whether fed outdoors or indoors, has yielded more vitamin D 
than the similarly fed summer ration. In both cases the difference in the daily 
secretion of a cow is some 601.v. Though such good agreement is, no doubt, 
fortuitous, the fact that the cows secreted more vitamin D coupled with the 
higher concentration of the factor in the respective butters shows that the 
winter diet was a better source of vitamin D than the summer ration. The 
winter diet included, as already stated, 5 lb. of seeds hay per cow daily. Hay is 
known to acquire some antirachitic properties in the process of curing [Steenbock 
et al. 1925; Smith & Briggs, 1933]. The superiority, as far as the vitamin D is 
concerned, of a diet including hay over one containing more than double its 
equivalent of fresh grass shows again the inefficiency of fresh grass as a source 
of the antirachitic factor for the cow. It may be safely concluded that, in the 
present experiments, the direct exposure of the cows to sun- and sky-shine has 
been responsible for all, and pasture for none, of the increase in the vitamin D 
potency of milk which takes place in summer. 


SUMMARY 


1. Eight Shorthorn cows were divided into four groups of two and placed on 
the following treatments: Ist group kept indoors on winter ration which included 
5 lb. of hay per cow daily; 2nd group kept outdoors exposed to sun- and sky- 
shine, given the same ration as group 1; 3rd group out on pasture with the herd; 
4th group kept indoors but given 1 cwt. daily per cow of freshly cut grass, and 
the same summer maintenance and production ration as given to group 3. The 
experiment lasted from 1 May to 30 June 1936. 
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2. Butters were churned for feeding tests in the middle and at the end of 
June. Prophylactic tests were carried out on groups of 15 rats and the activities 
of the butter fats were compared with those of doses of the 1.s. for vitamin D. 

3. It was found that butter fats produced outdoors and indoors on the summer 
ration had potencies of 0-46 and 0-15 1.v. per g. respectively (ratio of potencies 
3:1), whilst the figures for similar butters produced on the winter ration were 
0-88 and 0-27 1.U. per g. respectively (ratio of potencies also 3:1). 

4. The average total amount of vitamin D secreted daily by a cow was as 
follows: Ist group 110 1.v., 2nd group 313 1.v., 3rd group 252 1.v. and 4th group 
521.u. The yields per kg. of milk were 8-3, 26-0, 17-0 and 5-3 1.U. respectively. 

5. The cows (whether fed outdoors or indoors) on the winter ration which 
contained hay secreted more vitamin D than the corresponding cows on summer 
feed consuming a plentiful supply of fresh grass. 

6. It is concluded from the experiments that the direct exposure of the cow 
to sun- and sky-shine contribute all, and the pasture none, of the increase in the 
vitamin D potency of milk which takes place in the summer. 


We are indebted to Miss D. V. Dearden for the churning of the butters. 
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XI. THE EFFECT OF INSULIN ON 
CARBOHYDRATE FORMATION 
IN THE LIVER 


By STEFAN JOSEPH BACH anp ERIC GORDON HOLMES 
From the Biochemical Laboratory, Cambridge 


(Received 1 December 1936) 


In a previous communication one of us [Gemmill & Holmes, 1935] demonstrated 
an increase in yeast-fermentable reducing substance in slices of rat’s liver, 
shaken for 2 hours in bicarbonate-buffered Ringer’s solution at 37°. It was 
presumed that the yeast-fermentable reducing substance investigated was carbo- 
hydrate: we have not, however, as yet attempted to work up the large quantity 
of tissue necessary for chemical identification, and while we shall, for the sake of 
brevity and convenience speak of “fermentable carbohydrate”, it must be 
understood that we do so with the reservation just implied. 

The starting-point of the present work was the observation that the carbo- 
hydrate production of the liver slices in vitro was diminished, sometimes slightly, 
sometimes to a considerable degree, by the addition of insulin to the medium in 
which the slices were shaken. This observation seemed to us to be of considerable 
interest, first because it accords with the view of Best e¢ al. [1926] that insulin 
suppresses gluconeogenesis, and second because it has hitherto been extremely 
difficult to demonstrate (except in the case of the beating heart) any effect of 
insulin on isolated tissues. 

The fact that the action of the hormone was never completely to inhibit the 
production of carbohydrate strongly suggested that carbohydrate was formed 
in the liver slices from more sources than one, and that formation from one or 
more of these remained unaffected by insulin. We have obtained strong evidence 
that this is indeed the case, and we have also been able to throw some light upon 
the point at which, in our experiments at least, insulin exerts its action. 


MeEtTHODS 


Young rats and, in a few cases, young rabbits were used for the work. The 
rats were chiefly albinos, though black and white rats were occasionally used. 
They were almost all males, and their weight was usually 100-200 g., though 
sometimes animals as heavy as 300 g. were used. They were always starved for 
10-24 hours before the experiment. If this were not done, the amount of carbo- 
hydrate initially present in the liver was so high that the increases observed fell 
close to or even within the limits of experimental error. Before starving, the 
animals were kept on the ordinary stock laboratory diet. 

In cutting the tissue slices, the blade was moistened in Ringer’s solution from 
time to time and then blotted, merely to prevent it from becoming sticky. The 
slices were accumulated in a moist chamber. As they were not wetted with 
Ringer’s solution they could be weighed before being placed in the vessels used for 
the experiment; it was impracticable to dry and weigh them at the end of the 
experiment. A convenient vessel in which slices may be shaken is a Barcroft 
manometer cup, fitted with a side-tube for irrigation with gas mixture, and shaken 


( 89 ) 
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120 times per min. in a water thermostat at 38°. The Ringer’s solution in which 
they were suspended, the volume of which was 3-0 ml. for the Barcroft cup, 
or 5 ml. when larger vessels were used, contained 0-025 NaHCO, and was 
equilibrated with a gas mixture containing 95% O, and 5% CQ,. 

In experiments in which the oxygen uptake and R.Q. were observed, the 
method of Dixon & Keilin [1933] was employed. In all cases care was taken that 
equilibrium was obtained after tipping HCl into the right-hand cup. Therat’s liver 
always forms some acetoacetic acid, which is only slowly decomposed by HCl 
[Gemmill & Holmes, 1935]. The figures which we give for the R.Q. are thus not 
vitiated by the fact that CO, has been retained as acetoacetic acid. 

Total fermentable carbohydrate was estimated as follows. The tissue was 
ground in a mortar and, together with the fluid in which it had been shaken, 
hydrolysed in approximately 0-5N H,SO, for 3 hours; the hydrolysate was then 
treated with H,SO, and HgSO,, followed by BaCO,, according to the method of 
Cori & Cori [1933], except that for samples of tissue of 0-5-1-0 g., and a total 
volume of 9 ml. of hydrolysate, only 1-0 ml. of the HgSO,-H,SO, reagent was 
employed; the final volume was adjusted to 40 ml. This procedure gave good 
results and saved time and material, since precipitation with BaCO, was quicker 
and easier, and the precipitate was less bulky than when larger amounts of 
mercuric reagent were used; less fluid was therefore lost by centrifuging. 

Fermentation was carried out according to the method of Cori & Cori [1933]. 
Some of the sugar estimations were performed by the Shaffer-Hartmann method, 
but later that of Hagedorn & Jensen [1923] was uniformly employed. 

Urea was estimated as follows. The tissue and fluid were washed into a 
centrifuge cup graduated at 10 ml. Ten drops of 3% acetic acid were added, and 
the tube was placed in a boiling water-bath for 2 min., the contents being stirred 
with a glass rod. After cooling, the volume was adjusted to 10 ml. and the tube 
centrifuged. Ammonia was estimated in a suitable amount (1 or 2 ml.) of the 
supernatant fluid by the method of Parnas & Heller [1924]. A similar amount 
was then treated with urease and the ammonia again estimated, urea being 
calculated from the difference in ammonia content observed. The free am- 
monia content was always very low and tended to be less at the end of the 
experiment. 

The insulin used was obtained as insulin hydrochloride from British Drug 
Houses, Ltd. The potency varied slightly in different specimens but was 
always close to 20 units per mg. The required amount was weighed out on a 
microbalance, and except when otherwise stated, was added tg the Ringer’s 
solution just before the tissue. 

Whenever insulin, amino-acids or other substances were added to the tissue, 
suitable control experiments were performed to show that these did not them- 
selves reduce the sugar reagents. All solutions added to the Ringer were first 
adjusted to pH about 7-4. 

RESULTS 


The results of a series of experiments which demonstrate the effect of insulin 
on the formation of fermentable reducing substance by the liver slices are given 
in Table I. This table also shows that Gemmill & Holmes’s experiments are con- 
firmed and that satisfactory duplicate estimations are obtained. It will be 
observed that the effect of insulin is variable; that within wide limits it does not 
depend on the amount of insulin added (separate experiments indicated that the 
minimum effective amount is in the neighbourhood of 0-0065 mg. (0-13 unit) 
per ml. of fluid in which 0-5-1-0 g. of tissue is suspended) and that on the average 
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Table I. Effect of insulin on carbohydrate synthesis 


Quantities: mg. fermentable carbohydrate per g. fresh liver 


Duration Increase Inhibition by Insulin 
of exp. without insulin of the added, 
hours Initial insulin increase units per ml. 

4-05 
3-05 + = + 

4-24 1:50 

7-47 2-03 

4-51 2-30 

ot 2-82 0-38 

1-39 

4-35 

168} 2-69 1-26 

5-04 

an } 2:09 0-36 

5-71 2-30 1-38 
17-34 —0-08 1-20 
2-35 1-39 
5-14 1-44 
0-70 0-94 
2-79 1-58 
3-22 0-74 
2-49 -— 
1-72 0-53 
0-91 1-29 
0-79 0-12 
— 0-61 
2-83 1-48 
Average 2-28 0-98 
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it causes about 40 % inhibition of carbohydrate formation. The effect is complete 
in 2} hours. There was no evidence of any deleterious effects, even with much 
larger concentrations of insulin. That this new formation of carbohydrate is an 
aerobic process was shown by two experiments in which N,/CO, gas mixture, 
carefully freed from traces of O, ,was substituted for O,/CO,. I. these no synthesis 
occurred. 

It has been shown repeatedly by various workers by means of experiments 
on the whole animal, that carbohydrate can be formed in the body from 
non-carbohydrate sources. These sources include among others amino-acids, 
keto-acids, lactate and glycerol. Whether or not fatty acids can be converted 
into carbohydrate is still a matter of controversy. Gemmill & Holmes [1935], 
among others, have lately brought forward evidence which they believe to 
support such a view and which, in spite of certain criticism [Cori, 1935], 
they believe to be valid. In any event, it is to be anticipated that liver slices 
may be forming carbohydrate from more sources than one, and Table I suggests 
that the gluconeogenesis from one or more of these is unaffected by insulin. If 
this be so, it would explain also why the “insulin effect” varied in magnitude, 
since every animal examined would not necessarily, even after 24 hours’ star- 
vation, be in an identical condition of nutrition and its liver might therefore be 
expected to contain either more or less of some particular carbohydrate-forming 
substance. Our problem has been to try to determine which of the possible 
sources of gluconeogenesis was affected by insulin. 

It is possible, by means of the Dixon-Keilin apparatus, to determine the R.Q. 
of slices of tissue in vitro. If the gaseous exchange so observed represents the 
sum of the respiratory exchanges of the tissue (and the validity of the isolated 
tissue technique depends upon the fact that such is the case) it is reasonable to 
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argue that, if the changes in metabolism brought about by insulin are such as 
to affect the respiratory processes and particularly the R.Q., they will be de- 
tectable by this technique, provided, of course, that they are of sufficient 
magnitude. The R.q. of liver slices taken from a starved rat is always low, even 
allowing for the production of acetoacetic acid which occurs [Gemmill & Holmes, 
1935]. Calculation makes it plain that a suppression of the conversion of protein 
into carbohydrate of the order of magnitude observed would have only a small, 
and probably an undetectable, effect on the R.q. 

A suppression of the conversion of lactate into carbohydrate, which involves 
neither the absorption of O, into, nor its elimination from, the molecule, would 
be without any effect, and a suppression of gluconeogenesis from pyruvate or 
glycerol would again produce only a small change. On the other hand, the 
suppression of gluconeogenesis from fatty acids (supposing such a process to 
occur) would result in a rise of R.g. It will be observed from Table IT that no 


Table Il. Effect of insulin on respiration 


O, consumption per hour 
pl. per g. fresh liver B.Q. 

Duration —__e —_—— Insulin 

of exp. Without With Without With added, 

hours insulin insulin insulin insulin units per ml. 

1 2360 2320 0-675 0-676 2-7 

2525 2430 0-616 0-649 0-22 
2275 2070 0-640 0-585 
1975 1965 0-614 0-606 
2310 1900 0-634 0-616 
2170 — 0-601 ae 

_ 1425 -- 0-58 
1450 1280 0-617 0-559 
1830 1570 0-573 0-577 
2425 2475 0-560 0-550 


Average 2147 1937 0-614 0-599 


22° 
bo bo bo 
< bo 


Ww we 


$ 
} 
$ 


iSOo 
PJ 


=I bo bo bo 


1 
1 
2] 
2} 
2 
2 
2 
2 
2 


such rise occurs, though it is apparent that the R.Q. is lower than could be 
accounted for even by the assumption that only fats were being oxidized. The 
failure of insulin either to increase the oxygen consumption (it lowers it slightly) 
or to raise the R.Q. seems also to dispose of the possibility that its apparent 
inhibition of carbohydrate formation is really the result of an increased com- 
bustion of carbohydrate. Reinwein & Singer [1928] also failed to observe an 
increase in the oxygen consumption of rat liver in the presence of insulin. 

Table II shows that the R.Q. of the liver slices is not raised by insulin. The 
only change observed is a slight decrease in oxygen consumption. This makes it 
unlikely that insulin suppresses gluconeogenesis from fat. Whether or not 
gluconeogenesis from lactate and pyruvate is affected can be tested by direct 
experiment. Tables III and IV show that, while the liver slices form carbohydrate 
freely from these substances and to a closely similar extent in each case, the 
process is quite unaffected by the presence of insulin. In the experiments with 
lactate parallel determinations of the effect of insulin on carbohydrate formation 
by the tissue without lactate were carried out. It will be seen that the ‘insulin 
effect’’ appears both in the presence and in the absence of lactate, but that it 
exercises no appreciable influence on the extra carbohydrate synthesis due to 
lactate, showing that gluconeogenesis from some source is still depressed by 
insulin, though that from lactate remains unaffected. 
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Table III. Effects of dl-lactate and dl-lactate plus insulin 
on carbohydrate synthesis 


Quantities: mg. fermentable carbohydrate per g. fresh liver 
Without insulin With insulin 

a OT 
Final Rise Final Rise 
with due to with due to 

lactate lactate Final lactate lactate 

0-90 2-45 1-55 

4-73 


Duration 
of exp. 
hours Final 
14 1-91 3-54 1-63 
2 1-70 5-97 4-27 — —- 
3-64 6-66 3-02 3°37 6-37 3-00 
7-59 10-35 2-76 6-79 10-31 3-52 
Average of comparable 4-38 2-47 3-69 2-69 
Exps. 1, 3, 4 
Note. Concentration of lactate: //50. Exp. 1: 0-3 unit insulin per ml. Exps. 2 and 4: 1-7 units 


insulin per ml. Exp. 3: 0-9 unit insulin per ml. 


Table IV. Effects of pyruvate and pyruvate plus insulin on carbohydrate synthesis 


Quantities: mg. fermentable carbohydrate per g. fresh liver 
Additional Additional increase 
increase with with pyruvate 
Final plain pyruvate and insulin 

5-17 2-11 

4-78 4-22 

12-43 1-41 

3-48 3-27 

Average 2-75 

Note. Concentration of pyruvate: M/50. Insulin added: 3 units per ml. Duration of exp.: 
2 hours in every case. 


Table V shows that insulin affects neither the oxygen consumption nor the 
R.Q. of liver slices to which dl-lactate has been added. Another point of interest 
which appears is that with concentrations of lactate of the order of 0-18% no 


Table V. Effects of lactate and lactate plus insulin on respiration 


O, consumption per hour 
ul. per g. fresh liver 
ed 
With With 
lactate lactate 
of ofexp. Without With plus Without With plus 
rat hours _lactate lactate insulin lactate lactate insulin 
108 13 _— 1730 2265 ~- 0-595 0-667 
(Rabbit) 13 — 1670 1735 — 0-635 0-673 
(Rabbit) 1 — 1605 1620 — 0-716 0-627 
143 2 1658 2650 -- 0-573 0-657 _ 
é 143 2 1790 2680 -— 0-483 0-630 — 
Note. Exps. 1, 2 and 3: 0-18% dl-lactate (M/60). Exps. 4 and 5: 0-27% dl-lactate (M/30). 
Exp. 1: 0:3 unit insulin per ml. Exps. 2 and 3: 0-17 unit insulin per ml. 
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Weight Duration 


1 
s 


increase in oxygen consumption appears. It is only with higher concentrations 
than this that we were able to observe increases in oxygen consumption and R.q. 


such as were observed by Meyerhof & Lohmann [1926]. 
Experiments with added pyruvate on the other hand (Table VI) regularly 


give an increase in oxygen consumption and a rise in R.Q., but the extent to 
which the R.Q. (though not the oxygen consumption) is raised depends upon the 


concentration of pyruvate added. 
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‘Table VI. Effect of pyruvate on respiration 


Average values in pl. of O, per g. fresh tissue per hour 


Without pyruvate With pyruvate 
—————— ——, 
O; O, 
consumption R.Q. consumption R.Q. 
Pyruvate M/50 (4 exps.) 1969 0-505 3355 1-111 
Pyruvate M/100 (4 exps.) 1949 0-535 3229 0-818 


The next possibility which we explored was that insulin affected the gluco- 
neogenesis from protein or amino-acids. As a first essay, we determined whether 
or not insulin affected the liberation of ammonia or production of urea in the 
slices. It was not, of course, certain that even if insulin did affect gluconeogenesis 
from this source, the fact would be revealed by these experiments, for it might 
well have been that insulin exercised its effect on the carbon moieties after 
deamination. Our attempt, however, proved a fortunate one. Table VII shows 


Table VII. Effect of insulin on urea formation 


mg. urea-N per g. fresh liver 

nh mg. ammonia-N 

“Tnsulin per g. fresh liver 
effect” Insulin —————____, 
Final (final plain added, Final 
Duration Increase plain minus final units plain 
of exp. Final without plus plain plus Final plus 
Initial plain’ insulin insulin insulin) - Initial plain insulin 
0-117 0-422 0-305 0-309 0-113 ; 0-157 0-174 0-167 
0-130 0-415 0-285 0-156 0-259 0-128 0-07 0-053 
0-366 0-543 0-177 0-492 0-051 0-061 0-077 0-049 
0-355 0-474 0-119 0-442 0-032 0-073 0-032 0-028 
— 0-327 — 0-088 0-239 — 0-06 0-090 
0-307 0-507 0-200 0-111 0-396 0-112 0-126 0-189 
0-196 0-560 0-364 0-260 0-300 0-077 0-081 0-065 
-— 0-102 —_ 0-062 0-040 -— 0-043 0-031 
0-052 0-540 0-488 0-301 0-239 0-073 0-050 0-046 
— 0-267 — 0-314 — 0-047 — 0-111 0-088 
0-091 0-205 0-114 0-121 0-084 0-072 0-077 0-055 
0-176 0-362 0-186 0-272 0-090 0-102 0-047 0-052 
-- 0-290 _ 0-258 0-032 —_ 0-068 0-100 


Average 0-248 0-140 
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that the urea production which occurs in the slices during shaking is cut down by 
insulin, although it is never completely abolished. The ammonia content of the 
tissue is always low and tends if anything to diminish when the tissue has been 
shaken in O,/CO,. There is therefore no question of insulin having affected the 
mechanism responsible for the synthesis of urea from ammonia. Insulin, 
apparently, prevents the deamination of part of the amino-acids, which other- 
wise would form carbohydrate. 

The fact that there is only partial inhibition by insulin of urea production in 
liver slices seems to fit, at first sight, with the accepted fact that only a fraction 
of the amino-acids making up the protein molecule is capable of giving rise to 
carbohydrate. 

From Table VII we see that insulin inhibits the appearance of 0-140 out of 
0-248 mg. of urea-N per g. of fresh tissue in the experimental period; that is, of 
56% of the urea-N appearing in the absence of insulin. On the basis of many 
experiments which have been performed on the intact animal, it is generally 
considered that about 58% of the protein molecule is capable of forming sugar. 
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Thus, in our experiments, insulin seems to prevent the conversion of protein 
into carbohydrate in about the proportion which, on other grounds, we should 
anticipate. Again, 0-140 mg. of urea-N (the amount of the observed “insulin 
effect’ on urea-N) is equivalent to 0-86 mg. of protein (0-0140 x 6-12). Assuming 
the conversion of N into urea and § into sulphate, 0-86 mg. of protein, if wholly 
converted into carbohydrate, should yield 0-97 mg. of the latter substance. 
Table I shows that the observed ‘‘insulin effect’ on carbohydrate is 0-95 mg. 
There is, however, an obvious difficulty when we try to picture exactly what 
is happening in the present instance. If insulin inhibits the deamination of 
amino-acids, why should it affect only those which are able to form carbo- 
hydrate? We may suppose that the structure of the insulin molecule is such that 
it is able to “‘cover”’ only certain amino-acids, or only those portions of the 
amino-acid molecule which are capable of forming sugar. It may be, on the 
other hand, that the ammonia which contributes to that fraction of the urea 
formation which is not sensitive to insulin is not derived from amino-groups of 


Table VIII. Effects of amino-acids and amino-acids plus insulin 
on carbohydrate synthesis 


Quantities: mg. fermentable carbohydrate per g. fresh liver. 

The amino-acids used were optically inactive. All amino-acid concentrations 0-4%, except 
for the first three experiments with glutamate, in which it was 0-2%,. 
“Tnsulin 

“* Amino- effect” 
acid (final 
effect” Final amino-acid  In- 
Final (final amino- minus final sulin 
Duration amino- amino-acid acid amino-acid added, 
of exp. Final acid minus final plus plus units 
hours Initial plain Increase only plain) insulin insulin) per ml. 


Experiments with glutamate: 
2-21 2-775 0-565 
0-865 1-980 1-115 
1-830 2-780 0-950 
1-64 4-69 3-05 0-43 
2-90 4-48 1-58 0-49 
Average 1-45 0-56 


Experiments with aspartic acid: 
2-77 5-39 2-62 5: 0-58 
1-55 6-03 4-48 , 0-91 
2-29 3-94 1-65 P 0-84 


1-045 
0-800 
0-06 


> OUbo bo 
© =  -1 
SRO 


2-075 3-25 : “82 0-57 
2-17 4-45 2-2 A 0-51 


Experiments with glycine: 
24 4-32 4-41 i “22 —0-19 
24 3-625 4-475 ; — 0-535 
3 2-85 4-62 , — 0-68 
2) 2-45 4-42 3: — 1-02 
2) 1-96 6-72 5 —0-95 
Experiments with alanine: 
2 2-56 4-06 “28 3-17 
2 9-01 10-14 2-82 2-68 
2 2°31 2-82 , 2-64 
1 
S 
2 


Experiments with arginine: 
2 
2 


oh 


2-09 3-86 “AC 0-54 
2-49 4-26 : 5-02 0-76 
1-97 3°47 “12 0-65 


On aa 


bo -1-1 


Average for alanine 1-74 
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amino-acids, but from nitrogenous groups attached to other compounds. These 
considerations naturally led us to investigate carbohydrate formation by liver 
slices in the presence of added amino-acids and the effect of insulin upon the 
process. The results have been interesting and unexpected: much more work 
must be done before a coherent picture can be obtained, or all the difficulties 
cleared up. Except, therefore, for the observations included in Table VIII, and 
for experiments with glycine, we have confined our attention to the problems 
presented by gluconeogenesis from alanine. 

The results of our preliminary experiments are shown in Table VIII. 

It will be seen that small increases in gluconeogenesis are found with dl- 
glutamic acid, dl-aspartic acid and dl-arginine, a considerably larger rise with 
dl-alanine and a definite decrease with glycine. All these amino-acids are reputed 
to give rise to carbohydrate when administered to the intact animal. 

The results with glycine are particularly interesting. Whether or not glycine 
can be converted into carbohydrate in the animal body has been the subject of 
controversy [Lusk, 1908; Greenwald, 1918]; but there seems to be no doubt 
that when it is added to liver slices, so far from there being an increase, there 
is actually a decrease in carbohydrate synthesis. 

It is very interesting that Reid [1936] has found that, when glycine is in- 
jected into the anaesthetized animal, there is a decrease, rather than an increase, 
of glycogen in the liver, although lactate, pyruvate and alanine all give rise to 
increases. Reid did not find increases of glycogen after injecting glutamic and 
aspartic acids, though we have found some increases in total carbohydrate with 
these substances. At present, we have no certain explanation to offer for these 
different effects. Glycine exerts a marked specific dynamic action in the intact 
organism, and it appears (Table IX) to increase the oxygen consumption of the 


Table IX. Effect of glycine on respiration 


Glycine 0-4% in all cases. Average values of five experiments 


O, consumption per g. Without glycine 2231 

fresh tissue per hour With glycine 3100 
R.Q. Without glycine 0-560 
With glycine 0-640 


liver slices. It may be therefore that, in the special conditions both of Reid’s 
experiments and of our own, the increased metabolism caused by glycine is 
sufficient to give rise to an actual decrease (by combustion) of any extra carbo- 
hydrate which might be formed. In favour of this explanation is the fact that 
glycine raises the R.Q. (Table IX). 

Table X shows that, whilst alanine gives rise to an increased formation of 
urea by the slices which is inhibited by insulin, no extra urea is formed in the 
presence of glycine. Kisch [1936] finds that glycine is deaminated by kidney 
extracts and by other enzyme preparations much less readily than are other 
amino-acids. It is optically inactive, and behaves exceptionally in other ways. 

Table XI gives the results of a number of experiments with the Dixon-Keilin 
apparatus upon the effects of added alanine and of alanine plus insulin on the 
respiratory metabolism. Like glycine, alanine gives rise to an increase in 
oxygen consumption, but unlike glycine, it does not raise the R.q. Another 
point of interest arises here. It is reasonable to suppose that alanine, when 
deaminated, gives rise to pyruvic acid. Both alanine (0-2 %, i.e. 0-0225M) and 
pyruvic acid (0-02./) give rise to carbohydrate, and both also give rise to extra 
oxygen consumption when added to slices of liver. But whilst pyruvate increases 
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Table X. Effects of amino-acids and amino-acids plus insulin on 
urea formation 


mg. ammonia-N 
per g. fresh liver 
—_—_—_—_—_—_—X—X—Xs__ 
Final 
amino- 
acid 
plus 
insulin 


mg. urea-N per g. fresh liver 





‘ 
**Tnsulin 
effect”’ (final 
amino-acid 
minus final 
amino-acid 
plus insulin) 


** Amino- 
acid effect” 
(final 
amino-acid 
minus final 
plain) 


Final 
amino- 
acid 
plus 
insulin 


Final 
amino- 
acid 
only 


Final 
amino- 
acid 


Final Final 
Initial plain plain 
Experiments with alanine: 
0-160 0-288 0-128 
0103 0-214 0-111 
0-069 0-101 0-032 
0113 O111 -0-002 
0-248 0-493 0-245 
0-381 0-735 0-354 


Average 0-144 


Increase Initial 
0-080 
0-039 
0-048 
0-023 
0-126 
0-141 


0-040 
0-035 
0-036 
0-032 
0-102 
0-121 


0-070 
0-028 
0-035 
0-053 
0-053 
0-056 


0-027 
0-036 
0-062 
0-055 
0-092 
0-073 


0-246 
0-049 
0-397 
-0-163 
0-360 
0-335 
0-204 


0-137 
0-031 
0-651 
0-010 
0-682 
0-810 


0-387 


0-179 
0-196 
0-355 
0-284 
0-815 
1-210 


0-425 
0-245 
0-752 
0-121 
1-175 
1-545 


Experiments with glycine: 
0-137 0-341 0-234 0-343 0-301 0-002 0-042 
0-143 0-321 0-178 0-333 0-279 0-012 0-054 


Note. Amino-acid concentration 0-4%. Insulin added: 2 units per ml. Duration of all exps.: 2 hours. 


0-039 
0-044 


0-037 
0-040 


0-036 
0-033 


0-058 
0-048 


Table XI. Effects of alanine and alanine plus insulin on respiration 


O, consumption per hour 
R.Q. 


pl. per g. fresh liver 
A 





With 
alanine 


———— ees 


Insulin 
added, 


With 
alanine 


units 


With plus 
per ml. 


alanine insulin 
0-542 — 
0-597 — 
0-520 — 
0-562 
0-448 
0-459 
0-620 
0-589 
0-507 
0-497 
0-503 
0-506 } 
0-445; 


0-542 


Without 
alanine 
0-508 
0-488 


With plus 
alanine insulin 
3300 — 
4500 — 
4460 -- 0-573 
4160 — 0-647 
2710 4130 — 
3550 4155 — 
2275 3000 — 
1910 3050 -- 
2460 2480 -- 
1800 1940 0-558 
2700 3750 0-517 
2865 ateies a de 
= 40} 2495 0-542 
3435 
3060 2500 | 


3093 0-554 0-524 


Duration of all exps.: 2 hours. 


Without 
alanine 
2310 
2080 
1550 
1460 


lt | 


0-498 
0-419 
0-420 
0-379 
0-515 
0-510 
0-376 
0-465 


o— 
0-445 
0-455 


GH bo & 9 Oo Go Oo 
431 6 EnudsdSSnwH 


bo 


0-602 


3035 


the R.Q. (Table VI) alanine does not do so, although the increases in O, con- 
sumption are of the same order in both cases. 

Calculating on the basis of the observed effect of insulin on urea production, 
the effect of insulin on the R.Q. and oxygen consumption of slices to which 
alanine was added would amount to about 350yl. of O, per g., provided that 
in the absence of insulin a correspondingly greater number of alanine molecules 
would have undergone complete combustion; or, if oxidative deamination were 
the only process concerned, the effect of insulin would have been to diminish 
oxygen consumption by about 89ul. per g. No diminution in oxygen con- 
sumption was detected ; moreover, either change should have tended to raise the 
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R.Q., whereas, in fact, it is lowered. Calculating from the extra urea-N formed 
in the presence of alanine (0-420 mg. per g. in 2 hours, Table X), the extra oxygen 
consumption per hour should be in the neighbourhood of 1000yl., which is near 
the value found. But there should also be a rise in R.Q., which we did not find. 

The results shown in Tables VIII and X represent experiments performed 
each on a separate animal. The “‘insulin effects”, therefore, on urea-N and on 
carbohydrate respectively, cannot be expected to correspond closely in individual 
experiments. If the prevention of the appearance of two atoms of urea-N 
represents the suppression by insulin of the formation of a molecule of carbo- 
hydrate, the ratio Insulin effect on carbohydrate 

Insulin effect on urea-N 


should be = or 6-43. The ratio of the two average figures from these tables is 
oa or 7-5. Inan attempt to confirm this and to eliminate possible errors caused 
by using different animals, a number of experiments were made, in which the 
“insulin effects’’ on carbohydrate and urea-N respectively were determined by 


parallel experiments on slices obtained from the same liver. The results are 
shown in Table XII. 


Table XII. Simultaneous determinations of the effects of alanine and alanine plus 
insulin on urea and carbohydrate synthesis carried out on samples of the same liver 


Quantities: mg. fermentable carbohydrate and urea-N respectively 


per g. fresh liver Ammonis-N per g. 








fresh liver 
“Insulin effect” =§=£———*~———___ 
(final alanine Final 
Final alanine Final alanine minus final alanine plain 
only plus insulin plus insulin) Final plus 
Duration — A— ~ - A——__, ; — plain alanine 
ofexp. Carbo- Urea- Carbo- Urea- ~* Carbo- Urea- plus plus 
hours hydrate N hydrate N hydrate N alanine insulin 
2 5-68 0-163 4-07 0-015 1-61 0-148 0-076 _— 
2 5-48 0-735 4-86 0-534 0-62 0-201 0-058 0-072 
24 8-35 0-214 7-64 0-114 0-71 0-100 0-121 0-049 
3 5-17 0-696 4:57 0-594 0-60 0-102 0-045 0-078 
2 5-27 0-294 4:27 0-076 1-00 0-218 0-076 0-060 


Average 0-91 0-154 
Note. Alanine concentration: 0-2%. Insulin added: 3 units per ml. 


The ratio obtained here is anna 
*154 


averages from Tables I and VII, we see that the figures are oan? giving a ratio 
of 7-0. 

This degree of agreement between the ratio found experimentally and the 
theoretical ratio is perhaps a fortunate accident: we would claim only that the 
observed figures are of the order which might be expected on the supposition that, 
for every molecule of alanine which was prevented by insulin from forming carbo- 
hydrate, one atom of nitrogen was also prevented from forming urea. The fact 
that a closely similar ratio is found when we consider the insulin effects on 
carbohydrate and urea-N in the absence of added amino-acids may mean no 
more than that, in general, three carbon atoms only of amino-acids can form 
carbohydrate, while the removal of only one of the amino-groups (in the case of 
amino-acids which contain more than one) is influenced by insulin. But these 
results make us confident that insulin does depress gluconeogenesis from amino- 
acids, and not that from other sources. 


=5-9. If, on the other hand, we compare the 
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There is an extensive literature dealing with the formation of carbohydrate 
in the animal body from all the substances, the effects of which we have examined 
upon carbohydrate synthesis in liver slices. Reference may be made to the 
following among many papers: alanine to carbohydrate [Dakin & Dudley, 1914]; 
pyruvic acid to carbohydrate [Dakin & Janney, 1913]; lactic acid to carbo- 
hydrate [Parnas & Baer, 1912]. Ringer & Lusk [1910] showed that ‘‘extra 
glucose” is formed when dl-alanine, aspartic acid and glutamic acid are ad- 
ministered to the phloridzinized animal. Dakin & Janney [1913] suggest that 
pyruvic acid has probably to be converted into lactic acid before it can form 
carbohydrate. 


Discussion 


The experiments which we have described fall into line with the current 
conception that one of the important effects of insulin is to diminish the new 
formation of carbohydrate in the liver from non-carbohydrate substances, and 
they show that among a number of the substances which are concerned in 
gluconeogenesis and which we have tested, this effect is confined to amino-acids. 
It remains to be considered how far the effects which we have observed can be 
supposed to account, on quantitative lines, for the action of insulin on the intact 
animal. In the first place, the use of isolated tissue slices, valuable as it is as a 
means of delimiting the problem—for it enables one to deal with the metabolism 
of one organ only, and ensures that the products of metabolism cannot escape— 
obviously introduces complicating factors. The condition of a liver lobule in 
a tissue slice must be very different from that of a lobule with its elaborate 
arrangements intact for the supply of portal and hepatic blood. 

If the process of gluconeogenesis is controlled on the one hand by insulin, the 
effect of insulin is, in the intact animal, almost certainly balanced by that of 
other hormones. As a matter of fact, we have evidence that adrenaline at least, 
as well as insulin, affects the process in vitro. The actions of this and other 
hormones will form the subject of a further paper. 

Another relevant point is that we have found it necessary (as we pointed out 
earlier in this paper) always to use starved animals. But starvation alone alters 
the R.Q. of the isolated tissue from about 0-78 to about 0-60: it obviously modifies 
the whole metabolic balance of the organ, presumably by greatly increasing the 
amount of fat metabolized. Now Bainbridge [1925] has pointed out that fat 
feeding renders animals more resistant to the action of insulin. In this con- 
nexion the low R.Q. which we obtain, and the fact that there is always a con- 
siderable residuum of carbohydrate formation which is not affected by insulin, 
seem to us to be significant. 

Another difficulty in the quantitative interpretation of our data lies in the 
fact that carbohydrate combustion no doubt goes on at the same time as 
gluconeogenesis, and to an extent which it is difficult to assess. The increase in 
carbohydrate which we observe must represent the balance between these two 
processes and our only guide as to the extent of carbohydrate combustion is the 
amount of extra oxygen used, and the alteration, if any, in the R.Q. The addition 
of alanine increases the oxygen consumption, but lowers the R.Q. For this result 
we have at present no satisfactory explanation. 

In the case of glycine, the increased oxygen consumption is equally marked 
and we have been unable to show any increased production of urea. The R.Q., on 
the other hand, is distinctly raised, presumably indicating an increased com- 
bustion of carbohydrate. Here we can at present only invoke “specific dynamic 
action” to explain our results. 
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If we examine the data of Reid [1936] we see that intravenous infusion of 
alanine into the anaesthetized cat gives rise to a deposition of 1-5 mg. of glycogen 
per g. of liver in 3 hours. Presumably the machinery both of synthesis and of 
oxidation works at higher speed in the rat. All that we can say therefore is that 
his figures and ours are of the same order of magnitude. 

In considering how far our results can explain the action of insulin on the 
animal as a whole, it must also be borne in mind not only that deamination of 
amino-acids occurs in tissues other than the liver, but that the liver is not even 
the tissue which, weight for weight, deaminates most rapidly. The effect of 
insulin on kidney deaminase is at present being investigated in this department. 
If this mechanism too should prove to be insulin-sensitive the point will be one 
of great interest. 

SUMMARY 


1. Slices of liver of starved rats shaken in vitro form carbohydrate from 
non-carbohydrate sources. The following substances, added to the slices increase 
gluconeogenesis; lactate, pyruvate, alanine, aspartic acid, glutamic acid, 
arginine. Glycine gives rise to no increase and indeed actually causes some 


diminution. 

2. The carbohydrate synthesis is partially (about 56 %) inhibited by insulin 
in vitro. Insulin simultaneously inhibits partially the formation of urea (by 
preventing deamination) in the slices. Urea formation is increased in the 
presence of alanine and this increase is inhibited by insulin. There is quantitative 
agreement between the effects of insulin on the formation of carbohydrate and of 
urea-N. It is concluded that insulin acts, at least in these experiments, by 
inhibiting synthesis of carbohydrate from amino-acids. 

3. Insulin has no effect on carbohydrate synthesis from lactate or pyruvate. 
Its effect is therefore probably on the process of deamination. 

4. It slightly lowers the oxygen consumption of the tissue slices in the 
absence of added substrate. It does not affect the respiratory metabolism in 


the presence of lactate. 
5. Alanine and glycine, as well as pyruvate and lactate, give rise to increased 
oxygen consumption. Insulin lowers the R.Q. in the presence of added alanine. 
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THE rat, like other species, needs vitamin D for optimum health. It is generally 
accepted, however, that the vitamin is not necessary for the prevention of 
rickets in rats, provided that the diet is furnished with a well balanced Ca/P 
ratio; provided also that these two elements are present in the diet in a readily 
available form. 

The lessened susceptibility of the rat to rickets compared with other species, 
even in absence of vitamin D, has been explained by the considerable ability of 
this animal to absorb ingested Ca and P [Harris, 1932]. Its cause has, however, 
never been investigated experimentally. In the rachitogenic rations most 
generally used in experiments on rats, cereals, such as maize and oats, form a 
regular and essential component of the diet. In the Steenbock-Black diet 76 
parts are yellow corn. Both in maize and oats the essential source of P is phytin 
(inositolhexaphosphoric acid). The significance of this form of P in the patho- 
genesis of rickets has been emphasized by Bruce & Callow [1934]. Phytin is not 
attacked by any enzyme secreted in the digestive tract. The utilization of P 
from this source is therefore limited to the amount which can be split off by 
bacterial action. Now it is well known that parts of the ingested food may be 
recovered from the caecum of rabbits more than a week after the ingestion. 
During preliminary studies of the passage of the intestinal content through the 
digestive tract of the rat, a similar stagnation of ingested food was observed in 
the rat’s caecum. Carmine ingested with the food was found to stain the content 
of the caecum bright red several days after ingestion. In rats starved for 24 hours 
the caecum is full, whereas the rest of the gut is nearly empty. This stagnation 
of the remnants of ingested food in the caecum will favour any bacterial 
action. It seemed possible therefore that the utilization of the phytin P might be 
favoured by this action, which would explain the better ability of the rat to 
absorb Ca and P. The content of the caecum is also rather acid, which naturally 
will tend to increase the solubility of Ca and P. A study of the Ca and P 
assimilation of the Steenbock-Black diet by rats with and without caecum was 
therefore made, both in normal and vitamin D-deficient animals. 

These experiments served also a second purpose. In order to study the action 
of vitamin D on the secretion and absorption of Ca and P in the digestive tract, a 
basal diet free from Ca and P had to be used. Such a diet is deficient also in 
other respects and metabolism experiments with it must therefore be of very 
short duration, with intervals during which a more sufficient diet is given. In 
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short-time metabolism experiments, the large caecum of the rat might retain 
previously administered food rich in Ca and P and in this way upset the results. 
It was therefore necessary to amputate the caecum in the rats used for such 
short-time metabolism experiments, but first the effect of this operation on the 
animals had to be studied, to see how far results obtained could be applied to 
intact rats. (The operations were performed by J. R. M. I.; the planning of the 
experiments and the analytical work by R. N.) 














EXPERIMENTAL 


Young rats were used, bred on stock diet until they weighed about 50 g. 
Half of the animals were then operated on. The caecum was amputated 3-5 mm. 
from the ileum and the stump closed with two layers of suture. The one im- 
portant point in this operation is to use thin enough silk. Carell’s artery needles 
with silk No. 00 can be used, but artery needles with attached silk No. 000000 
are still better. The rats received milk and sugar on the day of operation and 
again the day afterwards. Then they were put on the rachitogenic diet for 
10 days before the experiments were started. 

It was found that the animals recovered quickly from the operation, kept 
their weight constant for about a week and then recommenced to gain in weight 


















Table I. Weekly metabolism experiments on rats with and without caecum, fed 
on a Steenbock-Black diet with addition of 50 1.u. vitamin D daily 








g. dry mg. Ca Net ab- mg.P Net ab- 
Food faeces Cain- Cain infaeces sorbed P in- Pin infaeces sorbed 
Rat intake perg. take faeces perg. Ca take faeces perg. 
no. g. food mg. mg. food mg. mg. mg. food mg. 







Rats with caecum Ist week: 










1 58-0 0-108 700 507 8-7 253 151 104 18 47 
2 43-5 0-121 553 365 8-3 188 113 80 1-8 33 
3 49-5 0-124 630 498 10-0 130 129 105 2-1 24 
4 45-0 0-110 572 405 9-0 167 117 81 1-8 31 
5 48-0 0-113 610 390 8-0 220 125 2 a7 43 









Rats with caecum 2nd week: 






1 59-5 0-102 758 500 8-4 258 155 134 2-3 21 
2 67-5 0-100 860 568 8-4 292 175 147 2-1 28 
3 53-0 0-100 675 485 9-2 190 138 117 2-2 21 
4 58-0 0-088 740 424 7:3 316 151 109 1-9 42 
5 51-0 0-100 650 425 8-3 215 132 112 2-2 20 
Rats without caecum Ist week: 
1 56-3 0-099 718 446 8-0 273 146 89 1-6 57 
2 56-3 0-134 718 475 8-4 244 146 100 1-8 46 
3 56-8 0-129 722 465 8-2 257 148 96 1-7 52 
4 48-8 0-134 621 430 8-8 191 127 95 1-9 32 
5 46-5 0-118 592 340 73 252 121 85 1-8 36 
6 56-0 0-133 713 495 8-8 218 146 100 18 46 
3 53-5 0-133 682 453 8-5 229 138 106 2-0 33 








Rats without caecum 2nd week: 







1 57-0 0-100 725 367 6-4 358 148 92 16 56 
2 54-5 0-140 695 490 9-0 205 142 116 2-1 26 
3 63-0 0-130 802 540 8-6 262 164 152 2-4 12 
4 59-0 0-123 751 500 8-5 251 154 121 2-1 33 
5 50-5 0-106 644 342 6-8 302 132 90 1-8 42 
6 60-0 0-135 755 500 8-3 255 156 142 2-4 14 
7 52-0 0-131 662 472 9-1 190 135 119 2-6 16 

Av. 238 Av. 33 

=34mg. =4-7 mg. 






daily 


















1 48-9 
2 53-6 
3 65-5 
4 68-0 
5 54-2 






1 50-2 
2 54:8 
3 70-8 
+ 72-9 
5 54-0 








70-0 
69-8 
64-2 
62-7 
61-8 


Or OOO 








1 69-7 
2 68-6 
3 68-2 
t 61-3 
5 68-2 






































Food 
Rat intake 
no. g. 








Rats without caecum 2 


Rats with caecum Ist week: 


Rats with caecum 2nd week: 


g. dry 

faeces Ca in- 
perg. take 
food mg. 
0-101 622 
0-101 681 
0-105 835 
0-103 865 
0-108 690 
0-102 640 
0-105 698 
0-107 901 
0-106 929 
0-108 688 


Rats without caecum Ist week: 


0-113 
0-125 
0-123 
0-132 
0-122 





0-115 
0-136 
0-127 
0-127 
0-115 





nd week: 


890 
887 
819 
800 
786 


887 
874 
870 
780 
870 





Ca in 


faeces 


mg. 


521 
565 
728 
747 
566 


580 
620 
817 
787 
620 


765 
754 
762 
710 
630 


a= 


755 
775 
820 
640 
640 


mg.Ca Net ab- 


in faeces sorbed 


per g. 
food 





Discussion 


Ca 
mg. 


101 
116 
107 
118 
124 


60 
78 
84 
142 
68 


125 
133 
57 
90 
156 


132 

99 

50 

140 

130 

105 
=15 mg. 
daily 


P in- 
take 
mg. 


128 
139 
172 
177 
142 


132 
143 
184 
190 
140 


182 
182 
167 
166 
163 


182 
179 
177 
159 
179 


P in 


faeces 


mg. 


122 
132 
158 
165 
129 


125 
140 
175 
180 
131 


173 
172 
156 
160 
149 


161 
170 
166 
153 
169 





ASSIMILATION BY RATS WITHOUT CAECUM 





Table II. Weekly metabolism experiments on rats with and without caecum, 
fed a Steenbock-Black diet without any addition of vitamin D 


mg. P 


in faeces sorbed 


per g. 
food 


to bo bo bo by 
em OV Or Or 


bo to ty ty by 
H OL OLS Or 


bo bo bo by bo 
Hm > OL Or Or 





bo bo ty by by 
Ook Or» 


Av. 





at the same rate as the control rats. About 100 rats in all were operated upon, 
roughly 10% of which died. In all cases where a post-mortem was performed 
an invagination of the ileum into the colon was found. No secondary dilatation 
of the rest of the caecum was found in rats which had been living 6-8 weeks after 
the operation. Later a slight dilatation was observed. 

Four groups of rats were used: (1) intact rats on rachitogenic diet + 
vitamin D; (2) rats without caecum on rachitogenic diet + vitamin D; (3) intact 
rats on rachitogenic diet; (4) rats without caecum on rachitogenic diet. 

The experiments performed to investigate the role of the caecum lasted two 
weeks in each rat. The urine was absorbed on thick blotting paper, so that 
faeces free from contamination could be obtained, and any food which was spilt 
could be recovered. The food intake in one week was measured to the nearest 
0-1 g. The experimental results are given in Tables I and IT. 


The findings may be briefly stated as follows. (1) No difference was found 
in the assimilation of P and Ca as between the rats with and without caecum, 
either in the normal or in the vitamin D-deficient rats. This is clear from the 
figures which give the Ca and P in the faeces per g. food intake (see columns 6 
and 10). It can therefore be concluded that the caecum has nothing to do with 
the greater ability of the rat to assimilate ingested Ca and P. (2) A difference was 
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6 
7 
14 
12 
13 
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9 
10 
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6 
14 





14 
9 
11 
6 
10 
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seen, as was to be expected, in the assimilation of Ca and P as between normal 
and rachitic rats. (3) There is a difference in the output of dry material in the 
faeces as between the rats with and those without caecum, but no difference 
between comparable rats (see Tables I and II). The faeces excreted by the rats 
without caecum were only slightly more moist than the faeces excreted by the 
intact rats. An increased output of salts could not therefore account for the 
output of more dry material in the faeces excreted by the caecum-free rats. The 
cause of this increased excretion has not been ascertained. Considering that the 
chief biological processes in the caecum are of bacterial origin, it is probable that 
some part of the food, hardly attacked by the enzymes secreted into the 
digestive tract, but split up by bacterial action, is less digested by the rats 
without caecum. The increased output of dry material in the faeces corresponds 
to only 1-2 % less utilization of the food in these rats. It is thus established that 
caecum-free rats are well suited for metabolism experiments, where the purpose 
is to study the Ca and P metabolism. The question of the Ca and P requirement 
of rachitic rats is raised by the observations recorded above. This question is 
dealt with in an accompanying note. 


SUMMARY 


The assimilation of the Steenbock-Black diet has been studied in normal and 
vitamin D-deficient rats with and without caecum. The absorption of Ca and P 
from this diet is quite unaffected by extirpation of the caecum, the only 
effect being a slightly decreased (1-2 % less) utilization of the diet. The slow 
rate of passage of the intestinal contents through the caecum of the rat does not 
play any role in the smaller susceptibility of the rat to rickets. 


My (R. N.) thanks are due to the Medical Research Council and to 
Dr L. J. Harris for their kind hospitality during this work. 
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PHOSPHORUS REQUIREMENT 
OF RACHITIC RATS 
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From the Nutritional Laboratory, University of Cambridge and Medical 
Research Council 


(Received 19 November 1936) 


A QUESTION it will be of interest to discuss in connexion with the experiments 
given in the preceding paper (p. 101) is how far the daily requirement is satisfied 
by the absorbed amounts of Ca and P. Karelitz & Shohl [1927] have discussed 
this in connexion with their metabolism studies on rachitic rats fed on a Steen- 
bock-Black diet modified by the addition of 10°% fat, but their reasoning is 
open to criticism, and a recalculation is needed. This must be based on the daily 
requirement of the growing rat, and the data obtained by Sherman et al. [1925; 
1926] will be used for this purpose. They find the following figures for the Ca 
content of the whole rat: 0-7 % at the age of 30 days, 0-8 % at the age of 60 days 
and 1-0% at the age of 90 days. When growth is retarded, owing to deficiency in 
any growth-promoting factor, the percentage of Ca in the body increases, but 
the absolute content is always kept lower than in the body of normal rats of the 
same age. The rats used for production of experimental rickets are generally 
30-60 days old. We can therefore assume an average Ca content in these rats of 
0-75%. Retarded growth will, according to the above-mentioned observation, 
give rise to a negligible error only. For each g. increase in body weight the require- 
ment of the rat will be 7-5 mg. Ca. The rats fed on a Steenbock-Black diet grow 
on an average | g. daily in the first weeks, mostly independently of the addition 
of vitamin D to the diet. The daily requirement will therefore be 7-5 mg. Ca. A 
calculation of the daily requirement of P in the same way gives the daily need 
4-5 mg. 

The amount of Ca absorbed in normal rats is 34 mg. per day, or nearly five 
times the amount needed. The rachitic rats absorb about twice their daily 
requirement. The fate of this surplus of Ca is well illustrated by Karelitz & 
Shohl’s experiments, performed however on rachitic rats only. These rats 
absorbed during 5 weeks 15 mg. Ca daily, and lost 5 mg. daily in the urine, an 
amount far above the normal for a rat. It is of interest in this connexion to 
mention that Pollak [1934] found kidney and bladder stones in nearly all normal 
rats fed the same amount of CaCO, as is contained in the Steenbock-Black diet. 

The absorbed amount of P, on an average, just covers the requirement of 
normal rats, and is about 70% below the requirement of the rachitic rats. It is 
in accordance with this that Karelitz & Shohl find only 0-3 mg. P excreted per 
day in the urine. 

The criticism to which one must subject the calculation of Karelitz & Shohl 
is that they calculated the requirement according to the growth rate of a young 
rat fed on a diet good in every respect. The growth rate is then about 3 g. daily, 
as compared with about 1 g. on a Steenbock-Black diet even with an ample 
supply of vitamin D. Karelitz & Shohl conclude that their rachitic rats retain 

1 Rockefeller Research Fellow. 
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only 50 % of the requirement of Ca, and only 20% of the P. This in spite of their 
observation: ‘‘The rats did not gain regularly, nor were their gains uniform. 
For the two last weeks they lost weight.” 

It is at least possible that rats, if rickets could be induced in them when 
growing at a rate of 3 g. a day, would then also be able to absorb more Ca. Not 
only would the intake increase, but also the activity of the digestive tract, 
including a quicker flow of the digestive juices, upon which the ability to 
dissolve and therefore absorb CaCO, depends. 
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PHOSPHORUS IN THE RAT 
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(Received 19 November 1936) 


THE chief metabolic symptom in rickets is reduced retention of Ca and P, due 
to increased loss of these elements in the faeces. The increased faecal output 
has been interpreted either as reduced absorption or increased excretion. The 
latter has always been supposed to take place in the large intestine. According 
to earlier experiments with calcium [Nicolaysen, 1934], with iron [Nicolaysen, 
1935] and with magnesium [Nicolaysen, 1936] there is no evidence that the colon 
has any excretory function comparable with that of the kidney. The loss of 
minerals due to passage from the blood stream to the bowel takes place entirely 
proximal to the colon. As the author was unable to detect any increased loss of 
minerals in the faeces by those procedures which invariably increased their 
output in the urine, it was concluded that no regulated secretion of minerals 
takes place in the intestinal tract. Their loss with the faeces during the passage 
from the blood stream to the bowel must therefore—it was concluded—be due 
to diffusion or secretion of these minerals with the digestive juices, and a more 
or less complete precipitation in the bowel. According to this view the amount 
of mineral lost from the body via the intestine is the difference between the 
secreted amount and the reabsorbed amount. 

With regard to what happens in the digestive tract to Ca and P in ordinary 
feeding experiments, we can distinguish between the primary absorption of the 
exogenous Ca and P, the secretion of these elements with the digestive juices and 
the secondary absorption of some part of these. The difference between the two 
latter will form the endogenous fraction of these elements in the faeces. The rest 
of the Ca and P in the faeces will be the unabsorbed food Ca and P, the exogenous 
fraction of the faeces. 

Previous to a study of the absorption of Ca and P ingested with the food we 
must therefore make an estimation of the endogenous fraction of these elements 
in the faeces. When this fraction is known, the absorbed amount of Ca and P in 
any feeding experiment can be deduced. 

The object of this and other papers in this series of publications has been to 
contribute to the knowledge of how vitamin D decreases the faecal output of 
Ca and P. As all experiments up to the present have been performed with con- 


1 By the term endogenous Ca and P is understood the amount of body Ca and P lost in the 


faeces. 
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siderable amounts of Ca and P in the diet, there is no evidence concerning the 
mechanism of the increased loss of Ca and P with the faeces in vitamin D 
deficiency. This increased loss may be due partly to decreased absorption of 
ingested Ca and P, partly to decreased secondary absorption of the amount 
poured out in the digestive tract from the mouth to the small intestine. With 
regard to the last-mentioned fraction, full information is not available. To the 
survey given earlier [Nicolaysen, 1934] one can only add the results of Agren 
[1935] which demonstrate that much larger amounts of Ca can be secreted with 
the pancreatic juice than earlier experiments had indicated. It is worth while 
mentioning that the amount of Ca passing into the digestive tract with the 
digestive juices may reach 1 g. daily in an adult human being: for calculation see 
Nicolaysen [1934]. As the loss of endogenous Ca by this route does not on the 
average exceed 0-2 g. daily in man according to Bauer et al. [1929], it is possible 
that the reduction in its reabsorption may play an important role in the origin of 
the increased faecal output of Ca in rickets. 

As far as we know at present, there is little reason to believe that increased 
passage of Ca and P into the bowel will occur in vitamin D deficiency. Such an 
increase may be due either to an increased concentration of these elements in the 
digestive juices or to increased flow of the latter. The first event seems to happen 
only when the concentration in the blood is increased. This does not take place 
in rickets. Increased flow of digestive juices may be due either to increased 
appetite or to increased food intake. Neither of these exists in rickets. 

A study of the endogenous fraction of Ca and P in the faeces can be per- 
formed only with a diet containing negligible amounts of these elements. Both 
human rickets and experimental rickets in animals, however, originate when diets 
containing considerable amounts of Ca and P are used. It is well known that, 
apart from the action which vitamin D may have on the fate of Ca and P in the 
bowel, there is an interaction between these two minerals in the intestinal tract. 
Telfer [1924] has demonstrated that almost all the P in the food is lost in the 
faeces when much more Ca than P is given. When the Ca content of the food is 
reduced far below the content of P, very little P will be lost with the faeces. 
Different levels of P in the food influence the utilization of Ca to a far less extent. 
According to Farquharson eé¢ al. [1931] excess P in the food has no influence 
upon the Ca which is lost in the faeces. According to the author’s experiments 
[Nicolaysen, 1934] removal of almost all P from a diet rich in Ca increases the 
utilization of the food calcium only partially. In the above-mentioned experi- 
ments with a dog in balance with 660 mg. Ca in the daily ration, the increased 
utilization was 25-30%. 

At present we do not know if vitamin D influences primarily the absorption 
of Ca or P. It may well be thought that it acts on both. Knowledge is also lacking 
about how much of the Ca and P in the faeces in normal and vitamin D-deficient 
rats represents unabsorbed Ca and P and how much body Ca and P. If vitamin D 
has a direct action on the absorption of Ca (both from endogenous and exogenous 
sources), a secondary effect on P absorption (both from endogenous and exo- 
genous sources) will be expected. 

With regard to the origin of a possible increased output of endogenous Ca 
and P in faeces, we must therefore distinguish between the following mechanisms 
which have to be studied separately: 

(1) Output of endogenous P in the faeces in normal and vitamin D-deficient 
animals as influenced by different levels of Ca in the food. 

(2) Output of endogenous Ca in the faeces in normal and vitamin D-deficient 
animals as influenced by different amounts of P in the food. 
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With regard to the second group of experiments the phosphorus should be 
given not only in inorganic form, but also in organic combinations. The reason 
for this, which will be discussed in more detail in the following paper, is that 
considerable evidence has lately been accumulated in favour of the interference 
of vitamin D with the hydrolysis of phosphoric esters in the gut. 


EXPERIMENTAL 


For the study of Ca and P excretion as outlined above a diet almost entirely 
free from Ca and P is needed. The author [1934] has, by the use of acid-extracted 
meat powder, prepared a diet free from Ca but adequate in other respects. The 
preparation of a diet low both in Ca and in P limited the source of protein to egg 
albumin. The necessity of mixing exact amounts of different salts in the diet 
made the use of fat in the diet extremely inconvenient. A diet deficient in 
several respects, and containing one toxic factor, viz. egg albumin, had to be 
used, and therefore a strictly limited experimental period was essential. 

As intestinal contents may stay in the caecum of the rat over long periods, 
the caecum had to be amputated. The influence of this operation on the 
utilization of the food by the rat is almost negligible, as has been reported in a 
previous paper [Innes & Nicolaysen, 1937]. 

The experimental periods were limited to four days, with intervals of four to 
five days on the ordinary Steenbock-Black diet. The first of these four days was 
used to clear the intestinal tract from preceding Ca- and P-containing diet. 
Uncoloured Ca- and P-poor diet was used for this purpose. In the two following 
days—the experimental period proper—the rats were given the experimental 
diet containing 0-1° carmine, which stains the faeces bright red. The fourth 
day, 2-3 hours after all coloured diet was eaten, a new portion of Ca- and P-poor 
diet was given. In order to get a sharp separation between the last 2 days’ portion 
of faeces, it was necessary to administer 4% of agar in the diet. When less agar 
was given some of the carmine stayed behind and the separation was not so 
good. 

The commercial agar used contained 0-5°% Ca. This agar was therefore used 
only in experiments where more than 4-6 mg. Ca were given in the experimental 
period. The agar contains no P; the Ca can be completely utilized by the rat 
and is also readily extracted with acid. In the experiments with less than 
4-6 mg. Ca in the diet, extracted agar was used. The extraction is performed 
as follows. To one portion of powdered agar about ten portions of 0-1 N HCl 
are added. After thoroughly mixing for about half an hour, most of the acid is 
neutralized by addition of a solution of NaOH. The fluid is filtered on a Gooch 
crucible and the now swollen agar is washed once with distilled water, dried 
at 100° and powdered again. 

The constituents of the different diets were: 


% Ca %P 

Powdered egg albumin eae aca ee Pee 0-04 0-07 
Powdered sugar i ea aes 0-001 0 
** Ashless”’ extracted caseinogen (Glaxo) one 0-02 0-900 
Acid-extracted meat powder (for preparation see 

Nicolaysen [1934])  ... obs oh ts ais 0-003 0-596 
Powdered agar , A ade 0-5 ° 0 
Powdered extracted agar: preparation nm aa 0-05 a 


preparation II ... sae 0-12 ae 
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The different salts used as sources of Ca and P were: 


% Ca % P 
Calcium gluconate pro injectione “Merck” 8-4 0 
CaCO, sini a oie ne <<. ae 0 
NaH,PO, _... ied sae a - 0 25 
KH, PO, aie _ ‘ini 0 22-8 
Disodium gly cerophosphate eee a 0 10-5 


The following diets were made up, after the different constituents had been 
passed through a 40-mesh sieve: Diet I 


Agar . ses es as 4% 
Sodium chloride ane ies site A 
Egg albumin ai ses aes 20% 
Sucrose... 75% 


Calcium content: 0-029 % (2: 3n mg. Ca ir in en daily ration of 8 g.). 
Phosphorus content: 0-014% (1-1 mg. P in the daily ration of 8 g.). 


Diet II 
Extracted agar... we aes 4% 
Sodium chloride... ae ae 1% 
Egg albumin ate rr a 20% 
Sucrose eke 75% 


Calcium content: 0-014% (1-1 mg. Cai in ine daily ration of 8 g.). 
Phosphorus content: 0-014% (1-1 mg. P in the daily ration of 8 g.). 


Diet III 
Extractedagar.... es a 4% 
Sodium chloride... be mae 1% 
Meat powder Rs ic i 20% 
Sucrose aes re oat 75% 


Calcium content: 0-0023 % (0-2 mg. Ca in the daily ration of 8 g.). 
Phosphorus content: 0-119 % (9-6 mg. P in the daily ration of 8 g.). 


Diet IV 
Extracted agar... ne vee 4% 
Sodium chloride... ie see 1% 
** Ashless”’ ae of ee 20% 
Sucrose ae ee ae, 75% 


Calcium content: 0-009 % (0-7 7 mg. Ca in the daily ration of 8 g.). 
Phosphorus content: 0-18 % (14-4 mg. P in the daily ration of 8 g.). 


The diets were prepared in amounts up to 2 lb. each at a time and mixed 
thoroughly. As it was not possible to get the salts absolutely uniformly mixed 
into the diet, the salts used, except the sodium chloride, were weighed out for 
each animal, added to the 8 g. of food and mixed with this in a mortar. In the 
experimental period proper 0-1°% carmine was added to the appropriate diet. 

The normal rats were kept in exactly the same way as the rachitic, but 
received vitamin D in the form of a solution of calciferol given by pipette in 
amounts of 1 drop corresponding to 50 units daily, but administered during the 
periods of the Steenbock-Black diet only. This diet was given in unlimited 
amounts; the same was the case with distilled water given in the experimental 


period. 
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In most cases the animals finished the measured amount of food within the 
48 hours. Sometimes a little was left, but was regularly finished in the following 
hours. Occasionally more food was left than was eaten during the first hours of 
the third day, and the experiment was then discontinued. 

The passage from the mouth to the anus in the rats without caecum generally 
took from 6 to 12 hours, i.e. when coloured food was given, the first portion of 
coloured faeces appeared 6-12 hours afterwards. When uncoloured diet followed 
the coloured, it was generally 6-12 hours before the first uncoloured portion of 
faeces was passed. Occasionally the passage lasted nearly 24 hours. It happened 
in a few of the 100 animals used in these experiments that diarrhoea occurred ; 
the experiment was then discontinued. The distinction between coloured and 
uncoloured faeces was sharp and clear when 4% agar and 0-1°%% carmine were 
used, 

The growth rate of the rats fed on the diets mentioned was about 1 g. daily 
during the whole time they were used for experiments. This was regular in the 
normal rats, whereas the vitamin D-deficient rats stopped growing after 
4-7 weeks. A new lot of rats was then operated on, and new normal rats as well 
as vitamin D-deficient rats were taken for experiment. Rats of approximately 
the same size were therefore always used. They weighed about 50g. when 
operated on and were taken for experiment about 10 days afterwards, during 
which time they were fed on the rachitogenic ration. Occasionally one rat was 
used twice for the same type of experiment. Most of the figures in each type of 
experiment conducted on 10-16 rats represent results from the same number of 
different rats. 

In no case was any toxic effect observed with egg albumin. Querido [1935] 
who used 10% egg albumin regularly in the diet of growing rats also did not 
observe any toxic effect. 

The animals were kept in large metabolism cages; the urine was absorbed on 
thick blotting paper. This leaves the faeces free from any contamination with 
urine. The collected faeces were ashed with nitric acid and 2 ml. of 60% 
perchloric acid. The ash solutions were transferred to volumetric flasks, and Ca 
and P were estimated in aliquot parts, Ca by oxidimetric determination of the 
oxalate, P by the Fiske and Subbarow colorimetric method. 


I. PHospHoRUS 
The excretion of P in Ca and P starvation 


The daily ingestion of 1-1 mg. P together with very little Ca (see Table I) in 
the normal rat is followed by an output of 0-75—1-35 mg. P in the faeces per day, 
or roughly the same amount as ingested. Since it is uncertain whether the 
average output of 1 mg. P daily represented chiefly unabsorbed food P or 
endogenous P, the output of P was next studied on a P-free diet. The ration 
used for this purpose consisted of 95% sucrose, 4% agar and 1% sodium 
chloride, coloured as before. This diet was given in amounts of 8 g. daily to 
10 normal rats in the experimental period. The results in these 10 rats were in 
mg. of P per 2 days: 1-7, 1-7, 1-8, 2-0, 2-0, 2-1, 2-1, 2-2, 2-3, 2-7, with an average 
of 1-0 mg. P per day. Although the diet used is extremely deficient and the 
results have to be interpreted with some care, it is clear that the P of the egg 
albumin is completely utilized. The P found in the faeces when egg albumin is 
the source of P is therefore endogenous P only. 

With regard to the vitamin D-deficient rats fed on the diet poor both in Ca 
and P, we find a slightly increased output, as measured by the average of 
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16 experiments in this group. This higher average is caused by a definitely 
higher output in 5 out of the 16 experiments. A comparison between the single 
figures in the two series of experiments given in Table I leaves no doubt 
however about the significance of the higher average in the vitamin D-deficient 


rats. 


Table I. The output of endogenous Ca and P in faeces of normal and 
vitamin D-deficient rats 


Ca and P given in terms of mg. per 2 days. 
Diet I (source of P: egg albumin). 4-6 mg. Ca, 2-2 mg. P in the food. 


50 units vitamin D daily Without vitamin D 

—.__————_,, 

Ca mg. 
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The excretion of P as influenced by increasing levels of Ca in the diet 


The increased output of endogenous P in the vitamin D-deficient rats is 
intimately connected with an increased output of Ca in the faeces and is no doubt 
secondary to the increased amount of Ca in faeces. This follows from the 
experiments with increased levels of Ca in the food (Table IT). 

In the normal rats the ingestion of 15 mg. Ca daily is not followed by any 
increased output of P in the faeces, the 15 mg. being completely absorbed. 
Ingestion of 45 mg. Ca daily, an amount which is not completely absorbed, 
results in an average increase of 45% in the output of endogenous P in the faeces. 
When 45 mg. Ca daily were given as Ca gluconate, severe diarrhoea occurred, 
and the rats stopped eating. When 90 mg. Ca are given in the daily ration, 
the output of endogenous P is increased by 75%. The 90mg. Ca administered 
as carbonate are more than the rats can dissolve in their stomachs and unchanged 
CaCO, can be observed in the faeces excreted in the experimental period. The 
maximum effect of ingested Ca upon the output of endogenous P which can be 
obtained in young normal rats is therefore an increase of up to nearly double the 
amount lost with faeces in Ca starvation. But the conclusion that incomplete 
absorption of Ca is followed by an increased output of endogenous P in faeces is 
well substantiated. 

The same effect is seen in the vitamin D-deficient rats. The ingestion of 
15 mg. Ca in the daily ration increases the output of endogenous P by about 
40%, and 90 mg. of Ca by about 140%. Ingestion of 45 mg. of Ca in the daily 
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Table II. The output of endogenous P in the faeces, in normal and vitamin 
D-deficient rats, as influenced by different levels of Ca in the food 
Ca and P given in terms of mg. per 2 days. 


Diet I (added calcium gluconate). Diet I (added calcium carbonate). 
30 mg. Ca, 2-2 mg. P in the food. 90 mg. Ca, 2-2 mg. P in the food. 


50 units vitamin D 50 units vitamin D 
daily Without vitamin D daily Without vitamin D 





t + Y U 7 
Camg. Pmg. Ca mg. P mg. Ca mg. P mg. Ca mg. P mg. 
54 
49 
52 
65 
58 
55 
57 
56 
59 
48 
71 
57 
28-5 


| 


31 
33 
42 
28 
39 
42 
39 
43 
41 
38 
38 
19 


18 
21 
17 
19 
14 
18 
20 
20 
22 
21 
19 
9-5 
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Diet I (added calcium carbonate). 
180 mg. Ca, 2-2 mg. P in the food. 


50 units vitamin D daily Without vitamin D 
A —, —— SF 
Ca mg. P mg. Ca mg. P mg. 
62 142 
102 122 
99 142 
96 143 
99 146 
94 148 
115 157 
101 162 
103 142 
100 150 
Av. 97 144 
Daily av. 43-5 72 
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ration resulted in these experiments, however, in a smaller extra output of P in 
faeces than did 15 mg. This paradoxical result needs explanation. 


First it must be pointed out, however, that the main results found here fit in well with the 
explanation put forward already in the introduction about the effect of ingested Ca on the output 
of endogenous P in faeces, viz. one of precipitation and prevented reabsorption. Earlier investi- 
gators (for references see the following paper [Nicolaysen, 1937]) have repeatedly shown that the 
output of Ca and P in the faeces following ingestion of given amounts of these elements in the 
food is dependent on the stage of vitamin D deficiency. Shortly after the administration of a diet 
deficient in vitamin D, the output of Ca and P in the faeces is slightly increased, but it is largely 
increased when the animals have been given the vitamin D-deficient diet over a long period. The 
same observation has been made here with regard to the output of endogenous Ca and P, as well 
as exogenous Ca. The stage of vitamin D deficiency is therefore a determining factor with regard 
to the output in faeces. The rats given 15 and 90 mg. of Ca were in a late stage of vitamin D 
deficiency, the rats given 45 mg. Ca in an early stage. These experiments therefore establish the 
rather paradoxical fact that ingestion of a smaller amount of Ca is followed by a larger output of 
endogenous P in faeces in a late stage of vitamin D deficiency, than is the ingestion of a greater 
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amount of Ca when in an early stage of vitamin D deficiency, although the output of Ca in faeces 
is greater in the latter case. A more exact explanation cannot be given before more is known 
about the state of Ca and P in the intestinal contents. 


A comparison of the output of Ca and P in the faeces in 
Ca and P starvation 


It is seen in Table I that more Ca than P is excreted in the faeces in normal 
rats. If the output of endogenous P were a result of a precipitation by Ca, less P 
than Ca would appear in the faeces. As the diet contained only traces of other 
metals which could precipitate P, it may be that the part of the faeces formed 
in the gut (desquamated epithelium, growth of microbes, etc.) could account for 
this larger output of P than of Ca in the normal rats. 


The partition of the extra loss of the endogenous phosphorus in the reduced 
retention of phosphorus in vitamin D deficiency 


It has been pointed out in the preceding discussion that the effect of ingestion 
of larger amounts of Ca is chiefly dependent on the stage of vitamin D deficiency. 
Almost all diets used in experimental rickets contain more Ca than even the 
normal rat is able to absorb; accordingly the output of endogenous P in an early 
stage of vitamin D deficiency will be about the same in normal and in vitamin D- 
deficient rats. As rats fed on a rachitogenic ration generally develop rickets in a 
fortnight, and as according to the author’s observation it takes at least 4-7 weeks 
to get the rats into what is here called a late stage of vitamin D deficiency, it is 
clear that the output of endogenous P in the faeces does not take any part in the 
reduced retention of P during the period in which rickets is developing in rats. 
Only in the case of rachitogenic rations with amounts of Ca limited to what the 
normal rat is able to absorb completely will an increased output of endogenous 
P start at once. As such rations are used only to produce the so-called “low 
calcium rickets” where the diet is much richer in P this border line case will be 
of no practical interest. In the maintenance of the reduced retention of P in the 
late stage of vitamin D deficiency, however, the increased output of endogenous P 
will participate to a certain extent. The rest of the reduced retention will be 
accounted for by the reduced absorption of ingested P, induced by the reduced 
absorption of ingested Ca. No general statement can be made about the 
partition between the increased faecal output of endogenous and exogenous P, as 
this will depend not only on the daily requirement, which again depends on the 
growth rate, but also on the amounts of Ca and P fed together with the Ca/P 
ratio. It is only in a late stage of vitamin D deficiency with a given amount of 
Ca in the diet that the output of endogenous P is increased above the level found 
in the normal rat. In this stage the growth rate is sinking towards zero, and the 
daily requirement is consequently reduced. 

To get an approximate idea however, we may correlate the increased output 
of endogenous P, which ranges around 1-5 mg. a day, with the daily requirement 
of the growing rat. According to Sherman & Quinn [1926] rats between 30 and 
60 days of age need about 5 mg. P daily per 1 g. increase in body weight. The 
average normal growth rate is about 3 g. daily, but on Steenbock-Black diet it is 
about 1 g. daily only. In the first case the rat needs 15 mg. P daily, in the second 
about 5 mg. It is thus seen that the extra output of endogenous P is rather small 
compared with the daily requirement. 

An objection against these conclusions is that the rations on which rickets 
generally develops contain both P and fatty acids, both of which by combining 
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with the Ca present may reduce the amount of endogenous P excreted with the 
faeces. The extra output observed may therefore be larger than when the usual 
rachitogenic rations are used. 

If. Catctum 


The output of Ca in Ca and P starvation 


With regard to the output of Ca on a diet poor both in Ca and in P (Table I), 
a significant difference is observed between the normal and the vitamin D- 
deficient rats. The daily output of Ca varies in the normal rats between 0-25 and 
1-35 mg. in the rats deficient in vitamin D between 1 and 5 mg. The experiments 
in which there was practically no Ca in the diet, as when the acid-extracted meat 
powder was used (Table III), leave no doubt that the Ca in the faeces is almost 
entirely endogenous Ca. The variation in the faecal Ca, however, is much greater 


Table III. The output of endogenous Ca in the faeces, in normal and vitamin 
D-deficient rats, as influenced by different forms of P in the food. 


Ca and P given in terms of mg. per 2 days. 


Diet II (added NaH,PO,). 
2-2 mg. Ca, 30 mg. P in the food. 


50 units vitamin D 


Diet III (source of P: meat powder). 
0-4 mg. Ca, 19-2 mg. P in the food. 


50 units vitamin D 





daily Without vitamin D daily Without vitamin D 

Cy SF ny, a mn, 
Camg. Pmg. Camg. Pmg. Camg. Pmg. Camg. Pmg. 

0-5 2-2 2-1 2-1 6-6 4-4 4-5 6-6 

0-6 1-8 2-5 3-1 0-8 4:5 48 58 

0-7 1-7 2-6 3°3 0-8 4:8 4-9 5-0 

0-8 2-0 2-7 2-6 1-1 4-6 5-7 5-6 

0-8 2-1 2-8 2-6 1-1 5-2 58 53 

0-9 2-2 2-9 2-2 1-2 4-7 5-9 6-1 

0-9 2-3 3-0 2-9 1-2 4-9 63 5-7 

1-4 1-8 3-1 2-9 1-4 4-4 7-0 5-0 

1-8 2-2 3-2 2-8 1-5 4-8 8-1 5-2 

2-7 2-6 4-7 3-1 2-4 5-7 10-1 6-8 

Av. 1-1 2-1 3-0 2-8 1-2 4-8 6-3 5-7 

Daily av. 0- 1-1 1-5 1-4 1-1 2-4 3-2 2-9 


Diet II (added alkaline sodium glycerophosphate). Diet IV (sourceof P: “‘ashless” caseinogen P). 
2-2 mg. Ca, 30 mg. P in the food. 1-4 mg. Ca, 28-8 mg. P in the food. 


50 units vitamin D 50 units vitamin D 





daily Without vitamin D daily Without vitamin D 
a ss Pa ai a 
Camg. Pumg. Camg. Pumg. Camg. Pmg. Camg. Pmg. 

0-8 1-7 2:1 2-0 0-6 2-0 2-4 2:3 

0-8 1-9 2-4 2-3 0-7 2-3 2-5 2-0 

0-8 2-0 2-5 2-7 0-8 2-1 2-6 2-5 

0-9 2-3 2-9 2-8 0-9 2-1 2-8 2-5 

13 2-2 3-0 2-6 1-1 1-8 2-9 2-1 

1-5 1-9 3-1 3-0 1-1 1-9 3-0 2-4 

1-6 1-9 3°3 2-8 Ie] 2-2 3-2 3-4 

1-6 2-4 3-6 2-2 1-2 1-9 3°7 3-3 

18 2-6 3-9 3-1 1:3 2-2 3-9 3-3 

2-0 2-1 4-1 3-3 1-4 2-2 4-1 3-7 

Av. 1:3 2-1 31 2-7 1-0 2-0 3-1 2-7 
Daily av. 0-7 1-1 16 1-4 0-5 1-0 1-6 1-4 


than in the faecal P. The author [Nicolaysen, 1934] found about the same 

variability in experiments with dogs. These were kept under the most constant 

experimental conditions and received a constant amount of vitamin D. A 
8—2 
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systematic analysis of the faeces revealed nothing as to the cause of this 
variability. With regard to the rats on a vitamin D-free diet, some part of the 
variability is due to vitamin D being stored in different amounts in the animal 
organism previous to the experiments. It is seen that the rats fed on diet III 
(see Table III) with 0-2 mg. Ca in the daily ration lost definitely more Ca in the 
faeces than did the rats fed on diet I with 2-3 mg. Ca in the daily ration. The 
output of P in the experiments with diet III was definitely higher than when 
diet I was fed, but this increased output of P was not connected with the 
increased output of Ca, since the same increase in the output of P was seen also 
in the normal rats fed on meat powder, but the output of Ca in these rats was 
not at all affected. That the amount of P ingested in the meat powder is not 
connected with the increased output of Ca in these rachitic rats is further sub- 
stantiated by the fact that ingestion of larger amounts of P does not affect the 
output of Ca in faeces. This is the case both when inorganic P, glycerophosphate 
and caseinogen are given in the diet. 


The output of Ca in early and late stages of vitamin D deficiency 

The rats given 0-2 mg. Ca (see Table ITI) daily were in a late stage of vitamin D 
deficiency, the experiments having been performed in the sixth week of vitamin D 
starvation. The rats given 2-3 mg. Ca daily belonged to two different groups of 
animals. In the one group, the experiments were performed in an early, in the 
other group in a late, stage of vitamin D deficiency. The experiments with the 
first group gave the following outputs of Ca: 2-0, 2-1, 2-2, 2-6, 3-2, 3-8, 3-9, 4-0, 
4-5, 5-6, with an average of 3-4, whereas the results in the second group were 
4-1, 4-2, 4-9, 5-8, 7-2, 8-5, with an average of 5-8 mg. 

The explanation is that the animals put on a rachitogenic ration have small 
stores of vitamin D in their bodies. These stores are gradually exhausted, 
probably completely when the animals stop growing. That the increased output 
is not due to the effect of mineral starvation on the cells is demonstrated by the 
fact that the animals in a late stage of vitamin D deficiency react immediately 
to a dose of vitamin D with a return to the normal output of Ca in the faeces. 


Four of the animals presumably completely deprived of their stores of vitamin D were given 
150 units vitamin D and put on experiment next day. Diet I was used; the average output of Ca in 
the faeces was 1 mg. in the experimental period, as compared with about 5 in the preceding period. 


It seemed possible that the variability found in the late stage of vitamin D 
deficiency was due to a variation in the time different rats take to exhaust their 
previously acquired stores of vitamin D. This cannot be the case however as. 
experiments on rats completely deprived of their previous stores of vitamin D 
showed the same variability. 

To illustrate this, experiments were performed on rats which were kept alive on a diet which 
was vitamin D-free but well balanced with regard to Ca/P. Of a batch of 12 rats, 5 were alive 
50 days after they had stopped growing, and in a good enough condition to pass through an 
experiment. A repetition of experiments made in the same way as those given in Table I gave the 
following figures for the output of Ca in the faeces in the two days’ experiment: 4-3, 4-5, 4-8, 6-8, 


8-6 mg. Ca. 


The effect of different forms of phosphorus on the output of endogenous 
calcium in the faeces 


The results of experiments to test the ability to absorb P from different 
sources are given in Table III. It has already been mentioned that, although 
ingestion of acid-extracted meat powder is followed by an increased output of P 
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in the faeces, the output of endogenous Ca is unaffected. Ingestion of inorganic P, 
glycerophosphate or of caseinogen was likewise without effect upon the output 
of endogenous Ca. That this is the case in the normal rats is beyond doubt, for 
the outputs of Ca and P in the faeces are the same as on rations poor in Ca and P. 
With regard to the rachitic rats, the present experiments are readily enough 
interpreted in the same way. More care is needed however in the interpretation 
of results obtained with rachitic rats, as the results in these vary according to the 
length of the period during which they have been fed on a diet free from 
vitamin D. The experiments, except those with meat powder, were all performed 
within the first three weeks of vitamin D starvation, and the results are seen to 
correspond as well as can be expected with those obtained in Ca and P starvation 
experiments in an early stage of vitamin D deficiency. It can therefore be 
justifiably concluded that the amounts of P ingested in these experiments did 
not affect the output of endogenous Ca in the rachitic rats. 

It is seen that the amounts of P ingested are moderate. It was impossible to 
increase the amount ingested, however, and at the same time feed a measured 
amount of food. Even with the amounts. here ingested more rats than usual 
refused to eat their food completely, and several experiments had to be dis- 
continued. The cause seemed to be latent tetany. The limbs were rigid and the 
rats more irritable than usual. 

The amount of sodium glycerophosphate ingested corresponded to 0-175 °% P 
in the diet. Whereas this is a diet low in phosphate, it must be remembered that 
a considerable amount of the P in the usual rachitogenic rations is not present 
in ester form. The only ration on which rickets can develop, containing more 
ester P than corresponds with the amount ingested as glycerophosphate in the 
above experiment, is a pure milk ration, on which rickets occasionally develops 
in children. The rations used for experimental rickets always contain less 
organic phosphate than was present in the above experiment. The present test 
has therefore been performed with at least as much organic phosphate as is found 
in almost all rachitogenic rations, and it must be concluded that organic phos- 
phate ingested with the food does not influence the faecal output of endogenous 
calcium in vitamin D deficiency. 


The partition of the increased output of endogenous Ca in the decreased 
retention of Ca in vitamin D deficiency 


The first question which arises is as to the figure to be used for calculation. 
Both the output of endogenous Ca and the absorption of ingested Ca depend on 
the stage of vitamin D deficiency. The 16 experiments summarized in Table I 
were performed partly in an early and partly in a late stage; we can therefore use 
the daily average of these experiments, i.e. 2-2 mg., as an approximately correct 
expression of the output of endogenous Ca. The normal rats lose on the average 
0-5 mg. per day. The extra output is thus 1-7 mg. Ca daily. The absorption of 
Ca in rickets varies, according to all earlier experiments, from slightly below 
normal to zero. The author found in metabolism experiments with Steenbock- 
Black diet, as reported in a previous paper [Innes & Nicolaysen, 1937], that the 
net amount absorbed in the normal rats was 34 mg., in the vitamin D-deficient 
rats 15 mg. The amount absorbed in the normal rats is then 34+0-5 mg. Ca 
daily, and in the rachitic rats 15+2-2 mg. daily. The experiments with the 
Steenbock-Black diet were performed from the tenth to the twenty-fourth day 
of the experiment, i.e. in the period between an early and a late stage of 
vitamin D deficiency. Karelitz & Shohl [1927] found during 5 weeks’ experiments 
about the same average absorption of Ca in rachitic rats fed on Steenbock- Black 
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diet modified by addition of 10% of fat. No experiments were performed on 
normal rats. As these two series of experiments have given the same results 
with rachitic rats, the difference (34-5 —17-2=17-3 mg. Ca) can be accepted as an 
approximately correct expression of the average difference in the absorption of 
Ca as between normal and vitamin D-deficient rats. 

The difference in the net amount absorbed between the two groups was 
19 mg. 17-3 mg. of this, or 91%, is due to extra loss of ingested Ca, and 1-7 mg. 
or 9% to extra loss of endogenous Ca. If in an analogous calculation we use the 
figures obtained for the average absorption in the experiments with 15, 45 and 
90 mg. Ca in the daily ration, the following figures result: 


Extra loss of | Reduced absorption 


endogenous Ca of food Ca 
% % 
Experiments with 15 mg. Ca 18 82 
Experiments with 45 mg. Ca 14 86 
Experiments with 90 mg. Ca 7 93 


It is assumed here that the output of endogenous Ca is not increased in the 
absorptive and post-absorptive periods. To prove or disprove this is impossible. 
The author in experiments with dogs has shown, however, that no extra excretion 
takes place in the faeces even after large amounts of Ca are injected hypoder- 
mically. The same experiments repeated in normal rats gave analogous results, 
whereas in vitamin D-deficient rats a slight extra output was seen in some 
cases. (For a further discussion of this see below.) Since any extra output of Ca 
with the digestive juices, according to our present knowledge, must be deemed 
to be due to an increase in the Ca concentration of the blood, and as all experi- 
ments up to the present leave doubt as to whether ingestion of even large 
amounts of Ca in the food is followed by any increase in the concentration of Ca 
in the blood, it is justifiable to make the above assumption. 

Although such a calculation may be liable to a considerable error, this error 
is not of such a magnitude as to invalidate the conclusion to be drawn: i.e. the 
reduced absorption of food Ca is a much more important factor in the reduced 
retention of Ca in vitamin D deficiency than is the output of endogenous Ca 
in the faeces. It must be added that all authors agree in finding a reduced 
output of Ca in the urine in rickets, so that this path of excretion endeavours to 
compensate for the increased loss of Ca in the faeces. 


Parenteral injections of calcium and phosphorus 


Nicolaysen [1934] has reviewed earlier experiments and also reported on 
experiments with parenteral injections of Ca in dogs. The results of these 
experiments were that roughly 30% of the amount injected was excreted in the 
urine, whereas no appreciable extra loss took place in the faeces. 

Although increase in blood Ca tends to increase the output of Ca in the 
digestive juices, the increase is neither constant nor large. The extra output 
which may follow an injection must in any case be of moderate amount, and 
according to experiments with normal dogs will be completely reabsorbed. 
Similar experiments have never been performed with rats, however, and were 
needed therefore both in normal and vitamin D-deficient rats where the re- 
absorption is assumed to be decreased. 

The experiments with ingestion of P without any Ca in the diet demonstrate 
that the P is completely absorbed, and that there is no re-excretion of P ingested 
without Ca, either in normal or in vitamin D-deficient rats. It has been claimed 
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by earlier authors, however [see Klinke, 1931], that Ca and P are re-excreted in 
the intestinal tract when ingested together. The reason given for this claim was 
that an increased output of these elements was observed in the faeces when they 
had been ingested together in the food. The present author interpreted this 
result not as re-excretion but as precipitation and prevented re-absorption. This 
view could be substantiated by making a combined injection of Ca and P. 

Pappenheimer [1924] has shown that injection of 5 mg. P as KH,PO, daily 
will cure rickets in rats. Kay & Skill [1934] were able to cure beryllium rickets 
with about the same amount of P injected as glycerophosphate. This amount of 
P was therefore chosen as the daily dose of P to be injected. The author 
[Nicolaysen, 1934] was not able to inject more than 300 mg. Ca daily, in the 
form of gluconate, into dogs of 8 kg. In preliminary experiments with rats, the 
largest amount of Ca which was found to be tolerated without any reduction in 
the food intake was 8 mg. daily. 

Sterile solutions of the potassium phosphate, containing 5 mg. P per ml. and 
of Ca gluconate, containing 4 mg. Ca per ml., were injected. The solution of Ca 
gluconate contained 5% of this salt. A 10% solution was not tolerated so well 
by the rats, infiltration and necrosis occurred occasionally. The injections were 
given each morning for 3 days, including the two experimental days and the day 
before. Each injection was given hypodermically, Ca gluconate in one place, 
potassium phosphate in another, under the skin. The injections seemed to 
upset the rats for most of the day; during the night they compensated for it 
by a greater food intake. More experiments than usual had to be discarded owing 
to the inadequate food intake. 

The results are given in Table IV. It will be seen that the output of Ca in the 
normal rats is the same as in the Ca and P starvation experiments, both with 
regard to the range of variability and the average. The output of P is increased 


Table IV. The output of Ca and P in the faeces in normal and vitamin 
D-deficient rats, as influenced by injections of Ca and P 
Ca and P given in terms of mg. per two days. 


Diet I. Injected 8 mg. Ca as gluconate and 5 mg. P as KH,PO, daily, on the two experimental 
days and the day before. 2-3 mg. Ca, 2-2 mg. P in the food. 


50 units vitamin D daily Without vitamin D 

nO OOO 
Ca mg. P mg. Ca mg. P mg. 

— a 3-0 2-0 

0-7 2-2 3-1 2-5 

0-7 2-2 3-1 2-6 

0-7 2-4 3-4 2-4 

0-8 1-8 3-5 2-1 

0-8 2-1 3°7 3-3 

0-8 2-3 4-1 2-1 

0-9 2-7 7-0 2-6 

1-1 2-3 7-7 2-8 

1-1 2-0 12-7 3-2 

1-2 2-5 13-1 4-1 

Av. 0-9 2-3 6-1 2-7 

Daily av. 0-5 1-2 3-1 1-4 


by an average of 15%, but as no figure exceeds the maximum obtained in the 
starvation experiments, the slight increase must be considered as insignificant. 
This conclusion is substantiated by the previously mentioned fact that a double 
amount of P ingested with the food does not give rise to any extra output of P in 


the faeces. 
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The same argument as above can be used also about the output of P in the 
vitamin D-deficient rats, and it can be concluded that the injection of enough P 
to cover the daily requirement does not lead to any extra output of P in the 
faeces. 

The interpretation of the results with regard to the output of Ca in the 
faeces of vitamin D-deficient rats meets with more difficulties. The range of 
variation is wider than in any previous experiments and two figures definitely 
exceed any earlier figures obtained in Ca starvation, including those obtained in 
the experiments with meat powder (Table ITI). The rats used in these experiments 
had been fed on a diet deficient in vitamin D for 6 weeks when the experiments 
were performed ; they were thus in a relatively late stage of vitamin D deficiency. 
A comparison must therefore be made with the results of Ca starvation experi- 
ments performed in a late stage of vitamin D deficiency. These results range 
from 4-1 to 10-1 mg., with an average of about 6 mg. Of the figures found in the 
injection experiments only two exceed the maximum found in Ca starvation, and 
the average is about the same. The results appear to indicate, although it is 
difficult to obtain direct proof, that only rats which have the largest output of 
endogenous Ca show an additional increase of Ca in the faeces when Ca is injected. 
Assuming that the cause of the large output is that the secondary absorption is 
most seriously affected in these cases, the extra output would be explained by 
the extra output in the digestive juices, as the result of the injection of Ca, and a 
faulty reabsorption. 

Even the rats which certainly have suffered an extra loss of Ca in the faeces 
as a consequence of Ca injection do not lose more endogenous P than do rats in 
Ca and P starvation. According to the earlier opinion, as expressed by Klinke 
[1931], an injection experiment as performed here would be followed by an 


extra output of Ca phosphate from the blood stream into the bowel. The 
present experiments furnish a further argument in favour of the view of the 
writer: the fate of Ca and P in the digestive tract, both from endogenous and 
exogenous sources, is determined by limited primary and secondary absorption, 
and any increased faecal output is chiefly determined by these factors. 


SUMMARY 


The outputs of Ca and P in the faeces on a Ca- and P-free diet have been 
studied (a) in rats receiving 50 1.v. vitamin D daily, (6) in vitamin D-deficient 
rats. 

(1) The output of Ca in Ca and P starvation varies between 1 and 5 mg. daily 
in vitamin D-deficient rats, as compared with 0-25-1-35 mg. in the normal rats. 
The output of Ca in the former group is partly dependent on the stage of vitamin 
D deficiency, the larger figures being obtained in a late stage only. 

(2) The output of Ca in Ca starvation is not affected by ingestion of 
inorganic phosphate, sodium glycerophosphate, acid-extracted meat powder 
or caseinogen. 

(3) The output of Ca in the faeces of vitamin D-deficient rats is occasionally 
increased to a slight degree by parenteral injections of Ca. This is not the case 
in normal rats. 

(4) The output of P in Ca and P starvation varies between 1-0 and 2-1 mg. 
daily in vitamin D-deficient rats, as compared with 0-75-1-35 mg. in normal 
rats. The largest figures are observed only when the output of endogenous Ca is 
largely increased. 
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(5) The output of P in P starvation is increased both in normal and vitamin 
D-deficient rats by ingestion of Ca. The percentage increase depends on the 
amount of Ca given and is the same in both groups in an early stage of vitamin D 
deficiency. In a late stage, however, the increase is larger in the vitamin D- 
deficient rats and reaches about 140 % above the average in Ca starvation, when 
large amounts of Ca are given, as a ns with an increase of 75°% above the 


starvation level in normal rats. 
(6) The output of P in the faeces is not affected by simultaneous injections of 


Ca and P. 

Thus these experiments in the rat demonstrate (a) that the output of 
endogenous Ca in the faeces is increased in vitamin D deficiency; occasionally it 
may be slightly further increased by injections of Ca, but is not influenced by 
ingested P; (6) that the output of endogenous P is increased by ingestion of Ca 
in all rats, is increased more in vitamin D-deficient than in normal rats, in a late 
stage of vitamin D deficiency, but is not affected by injections of Ca and P. 


My thanks are due to the Medical Research Council and to Dr L. J. Harris for 
their kind hospitality during this work. I am greatly indebted to Dr J. R. M. 
Innes for his skilled performance of the operations. 
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THE influence of vitamin D on Ca and P metabolism has been studied in children 
by Telfer [1922], Findlay et al. [1920], Rominger et al. [1930; 1931]; in dogs by 
Jones [1927], Shohl & Bennett [1928], Skaar [1931]; and in rats by McClendon 
[1922], Boas [1926], Karelitz & Shohl [1927], Shohl & Bennett [1928]. The chief 
result about which all are agreed is that the Ca and P retention is reduced in 
vitamin D deficiency, and that the chief cause of the reduced retention is an 
increased output of these elements in the faeces. Retention is increased by 
administration of vitamin D. In a preceding paper [Nicolaysen, 1937] it has 
been shown that the output of endogenous Ca and P in the faeces in vitamin D 
deficiency plays only a small role compared with the decreased absorption of 
these elements from the ingested food. 

As Ca interferes with the absorption of P [Telfer, 1924] and P to a certain 
extent with the absorption of Ca [Nicolaysen, 1934], it is unknown what is the 
cause of this reduced absorption of Ca and P. A great number of authors stress 
the importance of lack of P as the origin of rickets; a very short account only of 
these papers can be given here. 

Rominger et al. [1930; 1931], investigating the changes in Ca and P meta- 
bolism in children, found that the change in P metabolism occurred earlier than 
that in Ca metabolism and thought it possible therefore that vitamin D acts 
primarily on the metabolism of P. By feeding salts of metals which form in- 
soluble phosphates several authors have been able to provoke rickets in rats; 
Lehnerdt [1910] with strontium, Weltner [1927] with iron, Mouriqand e¢ al. [1931] 
with magnesium, Rominger et al. [1931] with thallium and Guyatt et al. [1933] 
with beryllium. Rickets is both prevented and cured if more phosphate is added 
to the diet than can be precipitated by the ingested amount of metal. 

The ‘“‘cereal”’ rickets earlier believed of ‘“‘toxic” origin has now been 
demonstrated [Bruce & Callow, 1934] to be due to the fact, not formerly 
recognized, that the chief source of P in the diets used to provoke “cereal” rickets 
is inositolhexaphosphoric acid, the P of which is utilized to a small extent only 
by the action of bacteria. That phytin is ineffective in the cure of rickets has 
been confirmed by Lecog & Barban [1935]. 

Lecogq et al. [1932; 1934, 1, 2] have contributed further to our knowledge as 
to the effective and ineffective forms of P in the prevention and cure of rickets 
in rats. They find that the esters of phosphoric acid with aliphatic alcohols are 
as efficient in this respect as is inorganic phosphate, whereas esters of aromatic 
alcohols are inefficient. Pappenheimer et al. [1922] were able to cure rickets in 
1 Rockefeller Research Fellow. 
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rats by adding to 100 g. of their rachitic diet (high in Ca, low in P) 160 mg. P in 
the form of inorganic phosphate, lecithin P or meat P. Addition of 160 mg. P 
as caseinogen P was less effective. 

The phosphoric esters ingested with the food are hydrolysed by phosphatases 
in the body. We do not know at present, however, if the phosphoric esters in the 
food are hydrolysed in the bowel, in the gut wall or elsewhere in the body. 
Kay & Skill [1934] have shown that glycerophosphate injected hypodermically 
can be used for bone formation in beryllium rickets. Heymann [1928] has 
demonstrated that injected glycerophosphate is hydrolysed in the body. As the 
gut wall, according to quantitative estimations performed, contains almost as 
much phosphatase as does any other tissue in the body, it seems possible that 
the phosphatases in the gut may play an essential role in the hydrolysis of 
phosphoric esters ingested with the food. 

The results of Heymann [1930; 1931; 1933] and of Crimm & Stayer [1936] 
are of interest in this connexion. Heymann estimated the phosphatase activity 
quantitatively in the gut wall, in the intestinal content and in the faeces of rats 
and dogs and in the faeces of children. The phosphatase activity was much 
higher in the upper part of the small intestine than in the lower, insignificant in 
the colon. In vitamin D deficiency Heymann found that the activity of the 
phosphatases decreased in the gut wall and in the intestinal content as well as 
in the faeces. He followed the question up with diffusion experiments in vitro in 
loops from the small intestine. The results were that diffusion of P from phos- 
phoric esters injected into the lumen was slower from loops of vitamin D- 
deficient rats than from loops of normal rats. Crimm & Strayer found that 
the phosphatase activity of the gut wall increased about 300% above the 
normal in rats given toxic amounts of vitamin D. 

As the above-mentioned experiments are either in vitro experiments, where 
the activity of the phosphatase is not measured under conditions identical with 
those in the cell, or diffusion experiments with excised loops, where the diffusion 
takes place through the whole of the gut wall instead of the epithelium only, 
their results must be interpreted with great care. The variation in the phos- 
phatase activity may be significant, however, and a reduction of this activity 
might then be the cause of the reduced retention of P, the action on Ca being 
secondary. 

If a decrease in the hydrolysis of ester P in the bowel, with subsequent slower 
absorption as indicated by Heymann’s experiments is the cause of the increased 
loss of P in the faeces in rickets, it should be possible to demonstrate a difference 
in the output of P in the faeces as between normal and rachitic rats given the 
same amount of ester P. Such a study has therefore been the object of one part 
of the experiments presented here. 

The increased outputs of Ca and P in the faeces in vitamin D deficiency 
might from a hypothetical point of view, however, be explained by a primary 
action of vitamin D on the absorption of Ca. This would then be followed by the 
well-known effect which increased amounts of Ca in the bowel have on the P: 
i.e. precipitation of phosphates causing increased output of P in the faeces. A 
study of the influence of vitamin D on the absorption of Ca was therefore the 
object of the second part of these experiments. 

The author has previously stressed the necessity for separate studies of the 
output of endogenous Ca and P, and the results of these investigations have been 
reported in a preceding paper [Nicolaysen, 1937]. The experiments included 
also a study of the influence of different levels of Ca on the output of endogenous 
P and vice versa. By estimation of both Ca and P in the faeces in all experiments 
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these served a double purpose; they gave at the same time information (1) about 
the influence which different levels of Ca in the diet have upon the output of 
endogenous P, and (2) about the absorption of Ca from a ration free from P, and 
of P from a diet free from Ca. 

The results to be discussed here are thus the outcome of the previously 
reported experiments in so far as they deal with: (1) the absorption of different 
amounts of Ca supplied in a diet containing negligible amounts of P, in normal 
and vitamin D-deficient rats; (2) the absorption of P from different sources of 
P supplied in a diet containing negligible amounts of Ca, in normal and vitamin 


D-deficient rats. 
EXPERIMENTAL 


With regard to the experimental conditions, the treatment of the animals, 
the diets used, collections of faeces etc., reference is made to the previous paper 
[Nicolaysen, 1937], where the output of endogenous Ca and P was reported. 

The results with regard to the absorption of Ca are given in Table I, with 
regard to the’absorption of P in Table II. 


Table I. The faecal excretion of Ca as influenced by vitamin D 
Ca expressed as mg. Ca in experimental period of 2 days. 
Diet I. 4-6 mg. Ca, 2:2 mg. Pin the food. _ Diet II. 30 mg. Ca, 2-2 mg. P in the food. 


50 units vitamin D Without 50 units vitamin D Without 
daily vitamin D daily vitamin D 
Ca mg. Ca mg. Ca mg. Ca mg. 
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50 units vitamin D Without 50 units vitamin D Without 
daily vitamin D daily vitamin D 
Ca mg. Ca mg. Ca mg. Ca mg. 
28 48 61 122 
31 49 94 140 
33 52 96 142 
38 54 99 142 
39 55 99 143 
39 56 100 146 
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43 65 115 162 
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Calcium 


The absorption of calcium in normal rats in phosphorus starvation. The output 
of Ca in the faeces of the normal rat is about 0-5 mg. daily when 2-3 and 15 mg. 
Ca are given in the daily ration. As the output of Ca is the same also when only 
0-2 mg. Ca is given in the daily ration (see experiments with meat powder in the 
previous paper [Nicolaysen, 1937], we must conclude that the 2-3 and 15 mg. 
Ca ingested daily are completely absorbed. When 45 and 90 mg. Ca are given in 
the daily ration, the absorption is no longer complete. The amount absorbed is 
the difference between the ingested amount and the amount lost with the 
faeces + the value previously found for the loss of endogenous Ca in the faeces. 
This value, on an average 0-5 mg. Ca daily, is almost negligible in normal rats, 
and is not taken into account. It will be seen that when 45 mg. are administered 
the average amount absorbed per rat by 10 rats is 26 mg., and when 90 mg. are 
administered 42 mg. are absorbed. With increased ingestion increased absorption 
follows. In the case of 90 mg. Ca fed in the form of CaCO, in the daily ration, 
undissolved white particles of CaCO, were observed in the faeces. So far as 
absorption is a function of solubility, the limit of absorption in the young rat 
seems to be about 42 mg. under the present experimental conditions. This does 
not exclude the possibility that a more rapidly growing rat, with a larger food 
intake and accordingly a richer flow of gastric and the other digestive juices, is 
able to dissolve more CaCO, and probably also absorb more. That the ability to 
dissolve is not the essential limiting factor in the absorption of Ca is clear from 
a comparison of the results with ingestion of 45 and 90 mg. Ca daily. In the latter 
case it is demonstrated that at least 42 mg. can be dissolved, but when approxi- 
mately the latter amount is ingested, only a little more than half of it is absorbed. 

The absorption of Ca in these normal rats is considerably higher than the 
absorption of Ca in rats given a Steenbock-Black diet containing about the same 
amount of Ca in the daily ration. The average daily absorption in these rats, 
also receiving 501.U. vitamin D daily, was as reported in a previous paper 
[Innes & Nicolaysen, 1937], 34 mg. of Ca. The Steenbock-Black diet contains 
considerable amounts of P and fat, as compared with the diet used in these 
experiments. That P ingested together with Ca prevents absorption of Ca to a 
certain degree has been demonstrated earlier [Nicolaysen, 1934]. A similar 
effect of fat has been reported by Westerlund [1934]. It is therefore probable 
that the difference between the two groups of experiments is due, at least to some 
extent, to the effect of P and fat on simultaneously ingested Ca. 

The absorption of Ca in vitamin D-deficient rats in phosphorus starvation. When 
we compare the results obtained from the rats fed on a vitamin D-free diet 
with the results from the normal rats, a striking difference is seen. This is the 
case whether 2-3, 15, 45 or 90 mg. of Ca are given in the daily ration. In the 
preceding paper [Nicolaysen, 1937] it has been shown that the output of Ca in 
the faeces in the rachitic rat is the same whether 2-3 or 0-2 mg. Ca are given. It 
is therefore justifiable to consider as endogenous Ca all the Ca found in the faeces 
when 2-3 mg. are given daily. Although the difference between the normal and 
vitamin D-deficient rats is clear in all experiments, and greatest when 90 mg. are 
given, it is most striking when 15 mg. Ca are given. The normal rat can absorb 
this amount completely; the vitamin D-deficient rat loses 9-5 mg. Ca daily in the 
faeces. With increasing amounts of Ca in the food the rachitic rat also tends to 
absorb more Ca. If we include a correction for the fraction of endogenous Ca in 
the faeces we find that of 15 mg., 5-5+2-2=7-7 mg. are absorbed; of 45 mg., 
16-5 +2-2=18-7; and of 90 mg., 23+ 2-2=25-2 mg. 
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The figures given here do not pretend to give a complete picture as to the 
extent to which the absorption of Ca is reduced in rickets. Thus the experiments 
with 45 mg. were performed in an early stage of vitamin D deficiency, the 
experiments with 15 and 90 mg. in a relatively late stage. Previous experiments, 
to which references have been made in the introduction, demonstrate that the 
absorption of Ca in vitamin D deficiency may vary from slightly below normal 
down to almost none, depending on the stage of vitamin D deficiency. The 
scope of this work, however, was to see how far vitamin D deficiency affected the 
absorption of Ca in the absence of P from the diet. 

The chief result of these experiments with steadily increasing amounts of 
Ca in a food containing very little P is that vitamin D must affect the absorption 
of Ca directly and not secondarily to an action on P. 


If vitamin D were to act through the hydrolysis of organic P compounds ingested with the 
food, the effect would be the following. Phosphoric acid ingested in ester form is liberated in the 
form of phosphoric acid by the action of phosphatases. An increased acidity follows, more Ca * 
goes into solution and forms Ca phosphate. The kind of Ca phosphate formed will depend on the 
pH in the intestinal content. In the small intestine this may be assumed to be about 6. This will 
favour the formation of a mixture of primary and secondary Ca phosphates. If we assume that 
secondary phosphate is formed the maximum effect of the 2-2 mg. P in the food would be to com- 
bine with 2-9 mg. Ca in the form of secondary phosphate. As the absorption of P was the same in 
the normal and vitamin D-deficient rats, the absorption of Ca in these experiments must have been 
independent of the fate of the ingested P. 


Phosphorus (see Table I1) 


With egg albumin as the sole source of P, about the same amount of P is lost 
with the faeces as is ingested with the food. To decide further as to the actual 
amount of endogenous P in the faeces in these experiments, 10 normal rats were 
given a diet free from P (95% sucrose, 4% agar, 1% sodium chloride) and 
experiments performed on them in the same way as before. The amount of P in 
the faeces in these experiments varied between 1-7 and 2-7 mg. with an average 
of 1-0 mg. P per day. Thus the P in the faeces in the experiments with egg 
albumin is all endogenous P. 

The object of the present work, however, was to investigate if there was any 
difference between the normal and vitamin D-deficient rats in their ability to 
utilize P added in different forms to the food. That this is not the case is clearly 
demonstrated by the experiments given in Table II. Inorganic P is completely 
absorbed in both groups, this is the case also when sodium glycerophosphate and 
caseinogen are the sources of P in the food. When acid-extracted meat powder is 
given, a certain amount is not absorbed, but this amount is the same in both 
vitamin D-deficient and normal rats. This is made clear by a subtraction of the 
figures found for the daily P excretion in P starvation in normal and vitamin D- 
deficient rats (1-0 and 1-4 mg. respectively) from the values found in the faeces 
when meat powder is given (2-4 and 2-9 mg. respectively). The differences 
obtained are 1-7 and 1-5 mg., i.e. practically the same. 

The ability to utilize inorganic phosphate and P in meat powder, caseinogen 
and glycerophosphate is thus not reduced in the rat in vitamin D deficiency. It 
might be objected against the conclusiveness of these experiments that only 
moderate amounts of P have been ingested with the diet. It was impossible, 
however, to feed more. The animals then refused to finish their measured ration 
completely. The cause seemed to be latent tetany, the limbs were more rigid 
than usual, and the rats seemed more irritable. It is well known that P injected 
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Table II. The faecal excretion of P as influenced by different forms of P in 
the food in normal and vitamin D-deficient rats 


P expressed as mg. P in experimental periods of 2 days. 


Diet I. (Source of P, egg al- Diet II. (Source of P, Diet III. (Source of P, acid- 
bumin.) 4-6 mg. Ca, 2.2. mg. NaH,PO,.) 2-2mg. Ca, extracted meat powder.) 
P in the food. 30 mg. P in the food. 0-4mg. Ca, 19-2 mg. P in 

the food. 
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Diet II. (Source of P, disodium glycero- Diet IV. (Source of P, ashless caseinogen.) 
phosphate.) 2-2 mg. Ca, 30 mg. P in the food. 1-0 mg. Ca, 28-8 mg. P in the food. 
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parentally can give rise to tetany. It is therefore easily understood how 
ingested P, which is completely absorbed, can produce the same symptoms in 
the absence of Ca. The amount of P in the diet containing glycerophosphate 
corresponds to a diet with 0-188% P of which at least 0-174% is phosphoric 
ester P. This is a diet low in P but rich in available P, when compared with the 
different rachitogenic rations used for rats and dogs. It may therefore be said 
that the in vivo test of the intestinal phosphatases has been performed in these 
experiments with as much available phosphoric ester as is present in any 
experimental rachitogenic ration. 

















128 R. NICOLAYSEN 


The absorption of phosphorus in a late stage of vitamin D deficiency. The 
experiments with glycerophosphate and caseinogen presented in Table II were 
all performed in an early stage of vitamin D deficiency. This is also evident from 
the results with regard to the output of endogenous Ca in these experiments. It 
was therefore decided to perform some experiments with rats completely depleted 
of vitamin D. The rats used for this purpose had been kept on a vitamin D-free 
ration for nearly three months, they had stopped growing, but were kept alive by 
giving them a food well balanced with regard to Ca/P ratio. These rats were 
about 150 days old and weighed 75-115 g. Of a lot of 12 only 5 had survived. One 
experiment was done on each of these five rats, with glycerophosphate as the 
source of organic phosphate, in the same way as in the experiments given in 
Table II. The food intake was delayed in one rat but not so long that the 
experiment had to be discarded. All the other rats finished their food com- 
pletely in the two days. The outputs of P in these five rats were as follows (the 
corresponding values for Ca are given in brackets) : 2-3 (4:5), 2-8 (4-8), 2-9 (4-3), 
3-3 (6-8), 3-4 (8-5) mg. These results correspond exactly with the results found in 
Ca and P starvation in a late stage of vitamin D deficiency [Nicolaysen, 1937]. 
As rats completely depleted of their stores of vitamin D are also able to utilize 
more phosphoric esters than exist in almost any rachitogenic ration, it must be 
concluded that the ability to hydrolyse phosphoric esters in the gut is not 
impaired in vitamin D deficiency and is therefore not connected with the 
increased output of P in the faeces in rickets. 

This conclusion is in good agreement with the results of Lecoq & Villus [1932], 
who found that the phosphoric esters which are hydrolysed by phosphatases 
are as efficient in the prevention and cure of rickets as is inorganic phosphate. 
The experiments with caseinogen demonstrate that the reason why Pappen- 
heimer e¢ al. [1922] did not find caseinogen P as efficient in the cure of rickets as 
inorganic phosphate is not due to incomplete hydrolysis of the phosphoserine 
in the caseinogen. The caseinogen used by Pappenheimer et al. (“commercial 
casein’’) is very rich in Ca. The inefficiency of the “‘casein”’ can therefore easily 
be explained by the effect which a surplus of Ca has on the P in the intestine. 
The acid-extracted meat powder however contains about 15° P which is not 
utilized in the gut. This may partly be ascribed to the fact that a certain portion 
will be tendinous tissue, which is not digested, but this cannot account for 
the whole deficit. Some part of the acid-insoluble P is thus not completely 
utilized. This can hardly be due to the preparatory procedure (extraction with 
dilute hydrochloric acid, followed by dialysis against running water). The 
question has not yet been followed up further. 

It will be remembered that Pappenheimer ef al. found meat P as efficient as inorganic P in the 
cure of rickets in rats. The acid-insoluble P is about one-third of the total P of the muscles, the 
non-utilized part therefore not more than 5%, and this difference could hardly be expected to be 
recognized in biological assays. 

With regard to the contradiction between the in vivo test of phosphatase 
activity in the intestine, as performed in these experiments and the in vitro test 
by Heymann, the present author cannot suggest any explanation. It must be 
remembered, however, that the im vitro estimation of phosphatases, valuable as 
it has been in many respects, has yielded many surprising and at present 
inexplicable results. It is necessary only to mention the results which Crimm & 
Strayer [1936] obtained in hypervitaminosis D. They found that the intestinal 
phosphatase activity increased 3-fold, as compared with no change in the bones, a 
4-foldreductionin the blood and in the kidneys, and a 20-fold reduction in the liver. 
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SUMMARY 


The absorption of Ca from a diet nearly free from P, and the absorption of P 
from a diet nearly free from Ca, have been studied in normal and vitamin D- 


deficient rats. 
In P starvation the absorption of 15, 45 and 90 mg. Ca in vitamin D-deficient 


rats was 50, 36 and 28%, as compared with 100, 57 and 47% in the rats 
receiving 50 1.U. of vitamin D daily. 

In Ca starvation the absorption of the combined P of acid-extracted meat 
powder is equally impaired (about 15°) in both normal and vitamin D-deficient 
rats, whilst the absorption of P from inorganic phosphate, glycerophosphate and 
caseinogen is complete both in normal and vitamin D-deficient rats. This is the / 
case also in rats completely deprived of their previous stores of vitamin D. / 

The indication from these experiments in the rat is that the action of{> fy¢ 
vitamin D in the gut is confined to a direct action on the absorption of Ca. The}5 ~~ 
well-known reduced absorption of P in vitamin D deficiency is due to a \ 
precipitation by the increased amount of Ca in the bowel. 7 


My thanks are due to the Medical Research Council and Dr L. J. Harris for 
their kind hospitality during this work. 
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In a previous paper [Aylward & Blackwood, 1936], an attempt to determine the 
time and rate of fat digestion in the ruminant by blood sampling after meals of 
differing fat composition was reported. No alimentary lipaemia could however 
be demonstrated and subsequent inanition experiments having established the 
period of absorption of food materials from the rumen to be about 4-5 days, it 
was decided in the present work to use some special dietary fat which could be 
qualitatively demonstrated and quantitatively determined in the blood lipins 
and also, if present, in the milk fat. 

The difficulties of such a procedure are many and too well known to merit 
repetition. One of the more recent contributions to such studies is that of 
Artom [1933, 1, 2], who made use of a fat saturated with iodine and sold as 
*“‘Radiopol”’. Its iodine content was found by us to be 37 %, and it contained no 
free iodine. Artom found this fat to be tolerated by rabbits when given orally 
or as an intravenous injection, and while it may be argued that the results 
obtained by its administration are not necessarily physiological, the difficulties 
of other approaches to the problems of fat transport and milk fat secretion 
seemed to justify an investigation of the role of these iodized fats. 

Accordingly experiments were devised to elucidate three main points: (1) the 
existence and nature of alimentary lipaemia in the bovine; (2) the rate at which 
fatty acids fed as glycerides enter the blood lipins and their relative distribution 
therein ; (3) the existence of a relationship between the level of a particular fatty 
acid in the blood and its secretion in the milk. 


EXPERIMENTAL 


Lodized fat. Two proprietary preparations were obtained, “‘Radiopol”’ and 
“*Lipiodol’’. These exhibited the usual solubilities of triglycerides and appeared 
to be identical with normal fats except in their iodine content of some 40%, 
their high specific gravity (1-4-1-5) and their high viscosity. Although both fats 
were liquid at room temperature, saturation was almost complete (I.v. 8-14). 


Analytical methods 


Blood. In general, an alcohol-ether extract of each blood sample [Bloor, 1928; 
Stewart & Hendry, 1935] was prepared and 1000 ml. aliquots were evaporated 
to dryness first at atmospheric pressure and finally in vacuo. The residues were 
left overnight in chloroform and then filtered from small traces of sediment, the 
resulting solutions being subsequently made up to 100 ml. from which suitable 
aliquots were taken for analyses. 

( 130 ) 
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Phosphatide. A suitable aliquot of each extract was evaporated, the residue 
dissolved in a little ether and the phosphatide precipitated with acetone and 
magnesium chloride. In the first three experiments in order to avoid loss of 
phosphatide in the acetone-soluble fraction only one precipitation accompanied 
by thorough washing with acetone was carried out, but in Exp. IV, to ensure 
complete removal of glycerides and cholesteryl esters from the phosphatide, 
three precipitations were made. In all cases the two fractions, phosphatide and 
non-phosphatide, were made up to known volumes for analyses. 

Fatty acids. These were estimated by the method of Stoddart & Drury [1929]. 

Iodine. The halogen of halogenated fatty acids may be readily removed by 
the action of strong NaOH at high temperatures. To avoid loss by spurting or 
volatilization it was decided to use a Burgess-Parr sulphur bomb for the reaction. 
Accordingly a known aliquot of lipoid extract was placed in the bomb, the solvent 
carefully evaporated, 1-4 g. NaOH added and the closed bomb heated strongly 
over a Bunsen flame for 7 min. After cooling, the contents were washed into 
a flask with water and analysed for iodine by the method of Kendall [1920], 
certain precautions noted by Harvey [1935] being incorporated. By the 
particular process of incineration used in the present work the lipoid-I was com- 
pletely converted into inorganic salt, and although small amounts of organic 
matter remained undestroyed, they did not interfere with the final end-point in 
the thiosulphate titration. The use of auxiliary oxidizing agents such as 
potassium nitrate and sodium peroxide was tested and it was found that by this 
means the organic matter was completely oxidized, but there was no other 
advantage in the present case either in accuracy or convenience. 

Milk. A daily sample of the milk fat of each lactating animal was prepared 
in the form of an alcohol-ether extract in a similar way to that for blood. 
Suitable aliquots were taken for determination of lipoid-I. Owing to the inter- 
ference of lactose in the estimation it was found advisable to free the concen- 
trated fat extract from sugar by careful washing with water. 


Test experiments 


(a) Iodine in lipiodol. Six determinations using N/200 thiosulphate gave 
values for the iodine content of lipiodol ranging from 38-4 to 39-0 with mean 
of 388%. 

(b) Stability of the iodized fat. Owing to the small amounts of fat in blood and 
the large volumes of solvent required for their extraction, relatively long periods 
of heating are involved in reducing the extracts to suitable proportions. It was 
therefore essential to test the stability of the iodized fat under similar conditions 
of heating. Into a 50 ml. sample of blood added to alcohol-ether mixture in the 
usual way, 15 mg. of lipiodol were introduced and the whole refluxed for a few 
minutes, cooled and made up to 1 litre. The filtered extract was then concen- 
trated. Analysis was carried out as already described and the lipoid-I found in 
the blood agreed with the theoretical amount added to within 3%. 

(c) Extraction from milk. Similar experiments to that described under (5) 
were also carried out using milk instead of blood. Again the accuracy of the 
estimation of lipoid-I with the amounts of lipiodol used was found to be within 
3%. Only when the iodine content was relatively small did the experimental 
error rise to any considerable extent and even then the methods were found to be 
reliable for the purpose of the present work. 
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Animal experiments 


I. A non-lactating cow in the first month of gestation was given 450 g. of 
radiopol as a drench followed by a small quantity of linseed oil, and during the 
experiment 10 lb. of dry grass per day were given in two feeds. A blood sample, 
on which in each case detailed analyses were carried out, was taken from a 
subcutaneous vein immediately before the drench and at 8-hourly intervals 
thereafter. Results for the total fatty acids and total lipoid-I may be read from 
Figs. 1 and 2 while the remaining values are summarized in Table I. 
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Fig. 1. The lipoid-I content of the blood of two non-lactating cows 
after administration of iodized fat. 
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Fig. 2. Comparison between the amount of absorbed lipoid-I in 
the blood and the total fatty acids. 











The values for total fatty acids, lipoid-P, free and combined cholesterol show 
no regular variation and are comparable with those found in animals under 
different conditions of fasting and of high fat feeding [Aylward & Blackwood, 
1936]. The administration of iodized fat does not then result in any apparent 
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Table I. The blood level of lipoid-P and cholesterol after a fatty meal together with 
the distribution of fatty acids and lipoid-I (mg./100 ml. blood) 


Lipoid-I 
AN. 





% of total 

Fatty acids % of total recovered 

Time Sterol —— recovered which was 
after Total ——~*—— Non- Non- inthe presentin the 
drench lipoid- As phos- Phos- phos- Phos- fractiona- phosphatide 

¥ Free ester phatide phatide phatide phatide _ tion* fraction 

74-2 34-9 55 123 

77-1 29-8 53-5 140 

75-8 36-9 60 112 

26-3 45 140 

30-2 56 130 

26-4 53 — 

34:5 — 

36-4 f 126 

22-7 112 

33°3 125 

33-9 113 

26-1 5 107 
31-7 5 119-5 

33-9 ° 113 


* The large losses in iodine which occurred during fractionation are discussed later. 
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quantitative change in the distribution of these fatty components of blood and so 
in subsequent experiments, where smaller doses of lipiodol were given, estima- 
tions of total fatty acids and of cholesterol were omitted. 

As typical symptoms of iodism were present on the third day of the experi- 
ment, the dose of iodized fat was reduced in the three subsequent investigations. 

II. A non-lactating cow in the third month of gestation was given 200 g. of 
lipiodol mixed with 200 g. of linseed oil and allowed free access to pasture. 
Blood samples were taken at intervals and analysed for total lipoid-I, the results 
appearing in Figs. 1 and 2. As in Exp. I (see Table I) considerable losses of 
iodine took place when the blood lipoids were separated into phosphatide and 
non-phosphatide fractions. For example, in samples taken 0-7, 1-5 and 2-0 days 
after the drench, the lipoid-I recovered after fractionation was only 84-4, 64-7 and 
72-7 % of the total originally found, while the proportions present in the corre- 
sponding phosphatide fractions were 16-3, 14-4 and 12-3%. These findings are 
discussed later. 

III. A non-pregnant cow in the second month of its lactation was given 
213 g. of lipiodol mixed with 250 g. of linseed oil and allowed free access to 
pasture. Records of the total daily milk production and of its specific gravity and 
fat content did not exhibit any variations to suggest that the milk yield (24- 
28 lb. per day) or the production of fat (370-436 g. per day) had been impaired 
by the experiment. The total lipoid-I in the blood and in the milk was estimated 
at intervals, the results being shown in Fig. 3. 

The rise in the lipoid-I content of the blood is similar to that of Exp. I, but 
with the lactating animal the iodized fat is seen to pass quickly into the milk in 
amounts directly related to the lipoid-I content of the blood. As in the earlier 
experiments considerable losses of iodine occurred during the separation of the 
phosphatide and non-phosphatide fractions. In samples taken 1 and 2 days 
after the drench, the amounts of iodine recovered from the two fractions were 
95-9 and 71-4 % of the lipin-I originally found, the proportions of the recovered 
total present in the phosphatide being 9-7 and 11-4°% respectively. 





Lipoid-I (mg./100 ml.) 
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No symptoms of iodism having been detected in either of the last two 
subjects, it was decided to try the effect of a much larger dose of iodized fat on a 
second lactating cow. 
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Fig. 3. Amounts of lipoid-I in the blood and milk after administration of 210 g. lipiodol 
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(Exp. ITI). 


. 4. Amounts of total lipoid-I in the blood and milk after administration of 293 g. lipiodol 
(Exp. IV). The distribution of the blood lipoid-I between the phosphatide and non-phosphatide 
fractions is also shown. 


IV. Daily records of yield (average 31 Ib. per day), specific gravity, fat 
content and 1.v. of the milk fat were made for the milk of a non-pregnant cow 
in the first month of its lactation. At the end of the second week the animal was 
given 293 g. of lipiodol and 300 g. linseed oil and allowed free access to pasture. 
Blood and milk samples were again taken at suitable intervals and the lipoid-I 
determined. It will be seen from Fig. 4 that the results compare very closely 
with those of the previous experiment and that the amount of dietary fat 
present in the milk as measured by its lipoid-I content is related to the amount 
present in the blood. 

Known aliquots of the fat from seven samples of blood were then separated 
into phosphatide and non-phosphatide fractions by precipitating three times 
with acetone and magnesium chloride. The phosphorus content throughout 
demonstrated the efficiency of the separation, and iodine was estimated in both 
fractions. The proportion of the absorbed dietary fat which formed part of the 
phosphatide of the blood is of such importance that full details of the separation 
are given in Table II, the actual amounts of iodine in each fraction appearing in 
Fig. 4. 

No significant changes in the daily yields of milk and milk fat having been 
noted throughout Exp. IV such data have been omitted, but one further detail 
of this particular section remains to be mentioned. In view of the fact that the 
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Table II. The efficiency of the phosphatide fraction 


Lipoid-P (mg./100 ml. blood) % of total 
~ — lipoid-I 
Time after % recovery recovered 
drench Non- in the in the 
Total Phosphatide phosphatide fractionation fractionation* 


0-6 101 85-0 
0-3 93 95-1 
Us 95 80-3 
90 85-4 
99 94-4 
. 102 77-5 
0-3 103 117-07 
* The actual values for the iodine in each fraction may be read off from Fig. 4. 


+ In this case the error was high due mainly to the extremely small amount of iodine being 
measured in the phosphatide fraction. 





presence of linseed oil in the diet of cows has been shown by Hilditch & Thompson 
[1936] to cause an increase in the proportion of oleic acid in the milk-fat, it was 
of interest to obtain information as to the rate at which this increase in oleic 
acid took place in order that it might be compared with that of the iodized fat. 
The 1.v. of the milk fat was therefore determined daily. For the fortnight before 
the oil was given, it averaged 35-1 with extreme daily limits of 34-2-36-2. On 
successive days after the drench the 1.v. was 37-5, 40-4, 39-9, 42-4, 42-2, 
42-1, 42-1, 41-4, 40-6, etc., results which show that an increased secretion of 
oleic acid can be detected in 1 day after the drench and that it attains its 
maximum in 4 days. This observation confirms a similar finding by Maynard 
et al. [1936] and suggests that the ordinary action of linseed oil and also pre- 
sumably its rate of absorption are not impaired by the presence of lipiodol, but 
that the increased secretion of oleic acid in the milk is much more intense and 
more prolonged than that of the iodized fat. 


Phosphatide separation 


It is apparent from all four experiments that loss of iodine tends to become 
quite considerable at some stage in the separation. The process of fractionation 
was therefore repeated on a slightly larger scale to determine, if possible, where 
the loss took place. Several alcohol-ether extracts remaining from Exp. I were 
bulked and the resulting lipoid-I content of the mixture was found to be equivalent 
to 23-85 mg. per 100 ml. of blood. A known volume of the mixture was evaporated 
to dryness and taken up in ether; a small residue remained and was filtered 
off. Using all precautions to avoid loss of iodine, the phosphatide fraction was 
separated. The iodine contents of the phosphatide and non-phosphatide fractions 
and of the ether-insoluble residue were equivalent to 3-9, 14-0 and 0-7 mg. per 
100 ml. of blood respectively, making a total recovery of only 78%. No ex- 
planation has yet been found to account for this loss of 22%, a figure which 
seems extraordinarily high when due consideration is given to the stability of 
the iodized fat under the conditions used in these experiments. 


Discussion 


Alimentary lipaemia. The absorption and digestion of fat by the ruminant 
have been shown to be not only very slow but also continuous processes lasting 
for several days with the result that the alimentary tides characteristic of the 
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non-ruminant are not observed [Maynard & McCay, 1929; Aylward & Black- 
wood, 1936]. The latter found that the reserves of the body depots together with 
the continuous nature of absorption were sufficient to maintain almost constant 
fat levels in the blood even during prolonged fasting before and after feeding. 
It is therefore of some significance to find that in all the experiments recorded 
here, it was possible to detect and follow the change in composition of the blood 
fatty acid in response to dietary stimulus. Fatty acids of the diet passed into the 
fat components of the blood enriching them in accordance with the composition 
of the dietary fat itself—the whole process following the course of a smooth 
lipaemia curve attaining a maximum in the case of the ruminant in 2 days and 
returning almost to normal by about the 5th day. If the assumption is made that 
the iodized fat in the blood still contained some 40% of iodine, reference to the 
figures shows that in 2 days conversion of the blood fatty acids into the iodized 
type had taken place to the extent of approximately 30% in Exp. I and 9% in 
the remaining three experiments. 

The distribution of the iodized fatty acids. From Fig. 4, it may be seen that the 
amount of iodine combined in the phosphatide and in the non-phosphatide 
fractions followed the general trend of the curve for total lipoid-I, but that the 
amount in the phosphatide increased more slowly and to a much less marked 
degree. Thus, if it again be assumed that the iodized fat in the blood contained 
some 40% iodine, then at the maximum in Fig. 4, the amount of conversion of 
blood fatty acids into those of the diet must have been of the order of 1-5% for 
the phosphatides and 20% for the non-phosphatide fraction. Similarly in 
Exp. I, samples taken 80 hours after the drench suggest corresponding conversion 
figures of 3-5 and 78%. The general tendency is therefore for a high proportion 
of the absorbed fatty acids to enter the non-phosphatide fraction of the blood, 
and during the greater part of the lipaemia only some 10-16% of the total 
iodine present exists in the phosphatides. Thus it appears that paramount 
importance cannot be attached to the role of this particular fraction in the 
transport of fatty acids by the blood. It must, however, be borne in mind that 
these iodized fatty acids may not be entirely physiological in their action for it 
is possible that they are unsuitable for incorporation by the animal in the phos- 
phatide molecule, so that this conclusion must be taken only in conjunction with 
confirmatory evidence from other sources. 

In the experimental section it was noted that frequently quite considerable 
losses of iodine occurred during the separation of the phosphatide fraction. But 
although in some cases they were very high, these losses were not sufficient to 
reverse or even alter substantially the foregoing relative roles of phosphatide and 
non-phosphatide as fat transporters. 

The secretion of milk-fat. It is evident from Figs. 3 and 4 that there is a close 
relationship between the amount of iodized fat in the blood and that secreted in 
the milk. It might have been expected that the arterio-venous technique of 
Blackwood & Stirling [1932] would reveal clearly the route by which this iodized 
fat gained access to the milk. When, however, the daily output of lipoid-I in the 
milk is considered and the rate of blood flow through the mammary gland is 
assessed at 6 1. per min., with animals and doses such as those of Exps. III 
and IV, an absolute diminution of 1 % in the blood would more than account for 
the total output of iodine in the milk. Such a difference in the phosphatide and 
non-phosphatide fractions would be impossible to determine. 

Circumstantial evidence is, however, not lacking. Blackwood [1934] showed 
conclusively that milk fat and milk phosphorus did not arise from blood phos- 
phatides, results which, with others, were simultaneously confirmed by Lintzel 
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[1934] and 2 years later by Graham ef al. [1936], from whose paper the above 
figure for the rate of blood flow is taken and who found a diminution of total 
fatty acids in the blood on passage through the mammary gland and little change 
in the phospholipin fraction. 

By reviewing the evidence therefore the following position is reached. 
(1) Direct evidence from arterial and mammary venous sampling has shown the 
non-intervention of phospholipins in the synthesis of milk fat [Blackwood, 1934; 
Lintzel, 1934; Graham e¢ al. 1936]. (2) Evidence of the utilization of blood fatty 
acids by the mammary gland has been obtained [Lintzel, 1934; Graham e¢ al. 
1936]. (3) Special fatty acids have now been traced during their passage from 
the diet into the milk via the blood stream and the principal carrier of these 
fatty acids in the blood appears to be the non-phosphatide fraction. In its 
content of these special fatty acids this latter fraction seems to bear a much 
closer relationship to the milk than does the phosphatide fraction itself (Fig. 4). 


SUMMARY 


1. The rate of absorption of iodized fat has been followed. Its concentration 
in the blood is at a maximum after 14-2 days and then falls gradually to a very 
small value within 5 days. 

2. For the iodized fat administered in the experiments, the amount secreted 
in the milk appears to be directly related to the amount in the blood. 

3. The proportion of the dietary fat carried in the blood as phosphatide is 
very much less in this case than that carried as non-phosphatide, from which it 
would appear probable that phosphatide is not the chief means of transport in 
the blood, nor is it the precursor of milk fat. This latter role appears to belong 
either to the glycerides or the cholesteryl esters or to both. 


We are very much indebted to Prof. Artom, Prof. Channon and Dr N. C. 
Wright for their interest in the work and also to Mr A. B. Fowler for his valuable 
assistance with the animals. We also wish to thank Messrs Bengue and Co. for 
their help with regard to the supplies of lipiodol. 
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I. CHANGES IN THE ABSORPTION SPECTRA OF 
VARIOUS FATS INDUCED BY TREATMENT 
WITH POTASSIUM HYDROXIDE 










Tue effect of treatment with KOH in increasing the intensity of the absorption 
spectra of fatty acids was first established by Dann & Moore [1933]. It was 
shown that the intense fine-structured absorption previously observed by 
Gillam et al. [1931] in the mixed fatty acids of cod liver oil was absent if the acids 
were prepared by a brief saponification of the oil, but appeared with increasing 
intensity as the acids were refluxed with hot alcoholic potash. The effect of 
potash in increasing absorption was confirmed by Edisbury et al. [1935] for the 
acids of various marine oils. Dann et al. [1935] found that the absorption was 
increased not only in marine oils, but also to a lesser extent in two vegetable 
oils. In their paper evidence was also advanced to show that when the mixed 
acids of cod liver oil were given to cows in the “ pro-absorptive”’ form, they were 
secreted in the milk in an “absorptive” form. Although it was undecided 
whether the changes produced by treatment with potash were identical with those 
occurring in the course of absorption and secretion by the cow, it seemed prob- 
able that in each case isomeric changes in acids having at least two unsaturated 
linkages were involved. The purpose of this section of the present paper is to 
record spectroscopic data obtained on oils and fats of various types. 

1 An “absorptive” acid is one showing high absorption in the spectroscopic sense. A “ pro- 
absorptive” acid is one which itself has little specific absorption, but is capable of being converted 
into one which possesses such absorption, either in vitro or in vivo. For convenience the absorption 
which could be developed in a “ pro-absorptive” acid by appropriate treatment is termed “ potential 
























absorption”. 
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SPECTROSCOPIC CHANGES IN FATTY ACIDS 


EXPERIMENTAL 


Technique. 5 g. specimens of the oils or fats were saponified by heating for 
about 1 min. with alcoholic potash (2 g. KOH, 1-4 ml. water, 10 ml. EtOH). The 
unsaponifiable matter was removed by ether. The soaps were acidified with 
sulphuric acid (sp. gr. 1-2). The ether layer was washed with water and the ether 
removed on a water-bath under suction. A portion of the acids was retained for 
immediate spectroscopic examination. The remainder of the specimen was 
refluxed, usually for 24 hours, with more alcoholic potash, and the acids were 
separated as before. The spectroscopic absorption of the mixed acids before and 
after prolonged treatment with potash was determined using a Hilger Spekker 
spectrophotometer, H 290. The solvent was usually alcohol, but cyclohexane 
was used occasionally. 

The results obtained are shown in Tables I-IV. 


Discussion 


The nature of the acids undergoing spectroscopic changes. The data on the 
mixed acids from vegetable oils (Table I) support the previous view that the 
acids responsible for increased spectroscopic absorption are those possessing two 
or more unsaturated linkages (polyethylenic acids). The acids from coconut 
oil, an almost saturated vegetable fat, show very low absorption, which remains 
low after potash treatment. Only slightly higher absorption was observed in the 


Table I. Vegetable oils and fats 


By i, at Eycm, a 
230mp 230-235 my 
Reputed = 1 min. 24 hr. 
1.V. sap. Remarks sap. Remarks 


Coconut oil 8-9-5 End abs. Z End abs. 
Palm kernel oil 13-14 End abs. 5. End abs. 
Red palm oil 51-5 Flat end abs. : Flat end abs. 
Olive oil 79-88 Flat end abs. 2 Flat end abs. 
Arachis oil 83-100 End abs. f Flat band 
Wesson cotton-seed oil 108-110 Band at 275mp, 3 Band 
Ein. 6 
Soya bean oil 122 : End abs. 2 Band 
Linseed oil 171-201 2- End abs. 7 Band 
Tung oil 150-165 Max. at 275myp, = — 
E=1100 


Reputed iodine values taken from Lewkowitsch, Laboratory Companion to Fats and Oils 


Industries, Macmillan, 1901. 
Abbreviations: End abs.=end absorption. Max.=absorption maximum. 


Table IT 


1 min, 24 hr. 
I.V. sap. Remarks sap. Remarks 
Land mammal fats 

Ox body fat 35-46 2 Band 230myz 14 Band 230mz 
Sheep body fat 38-46 3e Band 230mz Band 230myu 
Pig body fat 50-70 2 Flat band 230myz 23 Flat band 230myz 
Human 61-5 : . Band 230my 22 Band 230myu 
Rat (given diet d Flat end abs. Flat end abs. 

containing red- 

palm cil) Bird fat 
Duck 58- ° End abs. 2 Band 230my 


OIRO 
ose 
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Table III. Marine fat 


Ey oo, after Ei * after 

1 min. sap. 24 hr. sap. 

eae Ke ee, 

230 mp 270mpz Remarks 939 my 270 mu Remarks 

Halibut liver oil 17 — Band 230mu 59 55 Max. at 270, 230mp 
Turbot liver oil 20 — Flat end abs. 120 160 Max. at 270myu 
Whale oil 6 — End abs. 77 62 Max. at 230, 270mp 
Seal body oil 9-5 _ Band 230mpu 100 150 Max. at 270myu 
Roach body oil 20 — Bandat230mp 140 170 =Max. at 270, 230my 


Liquid cod liver oil acids — 180 280 =Max. at 270, 230myz 


(7 days’ sap.) 


Table IV. Individual acids 


Et Time of 
Reputed as refluxing me 
Acid Iv. obtained Remarks hr. _ Remarks 

Lauric 0 — — 32 0-9 -- 
Myristic 0 — — 37 1-9 _ 
Palmitic 0 —_ — 33 6-5* End abs. 
Erucic 75 —_ — 37 8 End abs. 
Oleic 90 13 Flat band 230myu 23 16 Band 230mpz 
Elaidic 90 12 End abs. a — _ 


_ * This value is sufficiently high to suggest the presence of a small percentage of unsaturated 
impurity. 

acids of palm kernel oil, red palm oil and olive oil, and was in no case increased 
more than some 50% by treatment with potash. It is noteworthy that olive oil 
consists mainly of the glyceride of oleic acid, and this evidence, supplemented 
by observations on a specimen of pure oleic acid, would appear to prove that the 
contribution of oleic acid to the increased absorption seen in the mixed acids 
of the more unsaturated fats is negligible. The absorption, after treatment with 
potash of the mixed acids of oils more unsaturated than olive oil, may be 10-70 
times greater than the absorption before treatment. (Tung oil, which consists 
mainly of glyceride of elaeostearic acid, is exceptional.) 

Although the vegetable acids afford the best indication of the nature of the 
acids which undergo spectroscopic changes the same conclusion may be deduced 
from the data in other groups. Thus the marine oils, which all contain con- 
siderable amounts of polyethylenic acids, also all show greatly increased ab- 
sorption on treatment with potash. On the other hand, body acids of the fat 
deposits of mammals in several instances differ from acids from other sources in 
being present in the natural state largely in the absorptive form. We have no 
examples, among those examined, of highly unsaturated fats. In agreement with 
this the absorption after potash treatment is in no case very high. It may be 
noted that in the one bird fat examined (duck) the acids were present in the 
“pro-absorptive”’ state. 

The absorption spectra shown after treatment with potash by the acids of various 
fats. Since the present work was carried out with a spectrophotometer giving 
only a low dispersion it was impossible to follow up the careful observations of 
Morton and his colleagues on the fine-structured absorption of the mixed acids, 
as shown notably by those of marine oils. Even with the condensed spectra 
available, however, the differences shown by marine oils on the one hand, and 
vegetable and terrestrial animal oils on the other, were quite marked. With 
vegetable oils, disregarding the notable exception of tung oil, the absorption 
maximum after potash treatment was always at about 230my. The same band 
was observed in the terrestrial animal acids. The absorption spectra of the 
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marine acids invariably showed a band at about 270m, and sometimes another 
at 230my, the relative intensities of absorption at these wave-lengths varying 
in different cases. Under the conditions of the present experiments the marine 
acids could readily be distinguished from all others by the development of the 
absorption maxima at 270my after potash treatment. It must be emphasized, 
however, that the absorption developed by an arbitrary period of treatment 
with potash may be quite different from the maximum absorption attainable by 
the complete conversion of all the pro-absorptive acids present. Thus after very 
prolonged treatment with potash the mixed acids of linseed oil resemble those of 
the marine oils in showing intense absorption at about 270my, the absorption 
band in this case being due to the formation of solid unsaturated acids. (See 
following section.) Moreover the elaeostearic acids show intense absorption in 
this region even before treatment with potash. The acids absorbing at 270myu 
formed from marine oils appear to differ from those prepared from linseed oil 
and tung oil in being liquid, and in being formed more rapidly during potash 
treatment. Thus the liquid acids of cod liver oil, prepared by the separation 
of the solid acids by freezing, showed intense absorption at 270my after 7 days’ 
refluxing, but no sign of crystallization. This observation might possibly be 
explained by a greater solubility of a common solid acid in the liquid acids of 
cod liver oil, but it seems more probable that two separate acids, or groups of 
acids, both absorbing at about the same position, are involved. 


II. THE FORMATION OF LIQUID AND SOLID 
“ABSORPTIVE” ACIDS FROM THE MIXED 
ACIDS OF LINSEED OIL 


The data given in the preceding section permit a comparison of the amounts 
of ‘‘pro-absorptive”’ acids present in the mixed acids of various fats as measured 
by the rate of development of absorption. The procedure of refluxing for a 
fixed arbitrary period, however, will only give results of absolute significance 
in the case of those acids in which the whole of the potential absorption is 
developed within the time chosen. In the case of linseed oil more extensive 
experiments were undertaken in order to determine the time necessary for 
the changes to go to completion, and to examine the nature of the acids as 
finally present. 


EXPERIMENTAL 


Exp. 1. The mixed fatty acids of linseed oil were prepared by the method 
described above. A portion of the mixed acids was retained for spectroscopic 
examination and for the biological tests described in Section III. The remaining 
material was refluxed with a further supply of alcoholic potash, the top of the 
condenser being closed as soon as pressure equilibrium had been established in 
order to reduce risks of oxidation. Specimens were withdrawn at intervals and 
examined spectroscopically, with results shown in Table V. 

The first effect of treatment with potash was a marked increase in absorption 
at 230mp. Subsequently absorption at this position remained stationary, but a 
second distinct band was developed at about 270my. This band eventually 
became almost as intense as that at 230my. 
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saponification 230mp 270mu 
1 min. 2-5 _— 
23 hr. 165 = 
47 ,, 253 90 
92 ,, 305 197 
136 ,, 360 223 
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Separation of the mixed “absorptive” acids into liquid and solid fractions. In 
addition to the spectroscopic changes treatment with potash produced obvious 
changes in the physical state of the mixed acids. Whereas the “fresh” acids 
were almost completely liquid at room temperature, the ‘“‘treated”’ acids con- 
tained a matrix of white solid. By adding an equal volume of cold alcohol and 
filtering a yield of solid acids amounting to some 10% of the mixture was 
separated. After several crystallizations from alcohol white lustrous crystals, 
M.P. 75°, were obtained. A spectroscopic examination of the solid acids, and of 
the mixed liquid acids (which actually still contained a substantial amount of the 
solid acid), gave the following results: 















BY om, at 
i , 
230mp 270mp 
Solid acids 150 1000 
Liquid acids 400 140 











It is obvious, therefore, that the absorption band at 270my is due to the 
formation of a solid acid, or mixture of acids, which has very high absorptive 
power.? 

, The solid acid had 1.v. (by Wijs’s method, 12 hr.)=187 (by the method of 
Rosenmund & Kuhnhenn [1923], 10 min.) = 144, mol. wt. (by titration) 270. A 
specimen of the acids prepared in a subsequent experiment (Exp. 2) was found 
by Dr Weiler, of Oxford, to contain C 76-82%, H 10-63% and to have mol. wt. 
301 (by Rast’s method). The analysed specimen had been recovered by two re- 
crystallizations from alcohol from a specimen which had been allowed to stand 
for some time in air and was probably slightly impure through the presence of 
polymerides. If instead of basing our calculations on the mol. wt. of 301 we take 
the theoretical value of 278, which approximates to the value obtained by 
titration, the elementary analysis corresponds closely with that of a triethylenic 
acid, C,gH5,0,. 

Exp. 2. In this experiment 170 g. of the acids of linseed oil, from which the 
solid acids originally present had been separated by freezing, were refluxed for 
25 days with potash. The apparatus was closed and the flask completely filled 
with the reaction mixture, so that the amount of air left in it was negligible. 

As the result of this treatment the absorption of the mixed acids rose to 
intensities similar to those observed in the previous experiment (H}°*!* at 
230mpu=410, at 270mu=330). The yield of solid acid, in three croys totalling 
15 g., was of the same order. The solid acid absorbed rather more strongly at 
270myp (£}</2 1500) than the specimen obtained in Exp. 1. The increase may 


lcm. 


possibly be due to the fact that the original mixed acids had been freed from 






























1 In comparison we may recall that ae, at 328my for vitamin A is about 1600, ut at 


450my for B-carotene about 2400. 
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solid constituents by freezing, and also to a more adequate number of recry- 
stallizations. In this specimen the melting point also appeared to be slightly 
higher (77°). The band at 270myp was absent from the mother-liquor from which 
the solid acids had been crystallized (Z}*!: at 230mu=425, at 270=70). 

These results when compared with those in the preceding experiment in- 
dicate that the reaction in each case had gone to completion. This view was con- 
firmed by an experiment in which the acids obtained in the mother-liquor were 
refluxed for a further week with potash. The absorption was little changed, 
with no evidence of an increase at 270my. In agreement with this there was no 
evidence of the formation of solid acids. (After additional treatment F}*!: at 
230mp = 445, at 270mp=74.) 

The effect of prolonged treatment with potash on the acids of maize oil. Exp. 3. 
In order to throw light on the identity of the acids giving rise to solid isomerides 
a sample of the mixed acids of maize oil was refluxed for a week with potash. 
This oil is reputed to contain linoleic, but no linolenic or other polyethylenic 
acids. After treatment the usual band at 230mp was observed (£}*!: =110) 
but there was no evidence of a maximum at 270my (E£}°%!2 <15). No solid acids 
were formed. 

The absorption of acids prepared from commercial boiled linseed oil. Exp. 4. 
In order to find whether absorption changes might be expected as the result of 
chemical treatment other than boiling with potash the mixed fatty acids of 
“boiled” linseed oil were examined. The specimen used was obtained through 
the kindness of Grindley and Co., and was described as a “‘lead and manganese 
boiled Calcutta linseed oil”. The acids were prepared by a brief saponification, 
and were examined without further treatment. The intensity of absorption 
(Ei ce at 230mu~=90, at 270mp~=9) was considerably greater than for the 
untreated linseed acids, but much less than the maximum absorption obtainable 
by treatment with potash. In agreement with the absence of an absorption 
maximum at 270my there was no sign of the presence of the solid unsaturated 
acids. 

Comparison of the solid acid from linseed oil with the elaeostearic acids. The 
general character of the solid product obtained from linseed oil suggested that it 
might be identical with «-elaeostearic acid of tung oil, or with the B-isomeride 
obtainable from the latter by distillation. According to Dingwall & Thompson 
[1934] these acids absorb strongly at 265my. 

A specimen of tung oil was obtained through the kindness of Grindley 
and Co. Even before saponification this oil absorbed strongly at 270mp, 
E}*': being 1300. By a short saponification followed by several recrystallizations 
from alcohol of the solid acid so obtained, a specimen of «-elaeostearic acid, 
M.P. 46°, was separated. This substance displayed the absorption typical of the 
oil, having H}*'° at 270mp= 1800. The 1.v. was about 190. It was clear therefore 
that the two acids showed striking resemblances in both being solid, both highly 
unsaturated, and both having strong bands at 270my. The difference in melting 
points, however, ruled out their identity. A sample of «-elaeostearic acid was 
next converted into the methyl ester, which was distilled under reduced pressure 
at 230°. The f-elaeostearic acid obtained after the saponification of the distilled 
ester showed no change in its absorption (Z}°/? at 270=1800) at least as far as 
could be detected by the small spectrophotometer used in this work. The melting 
point of this isomeride (70°) was so close to that of the new acid (as prepared in 
Exp. 1) as to suggest that they might be the same substance in different degrees 
of purity. The melting point of the mixed materials was however depressed to 
62°, demonstrating that they were not identical. 
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After storage (in bottles containing air in a refrigerator) a further difference 
in the acids became apparent. Under these conditions the tung acids formed a 
vitreous mass within a few weeks. The linseed acids, although eventually showing 
signs of deterioration, were more stable. 

The behaviour towards bromine of the acids of linseed oil after refluxing with 
potash. Exp. 5. The acids of tung oil differ from those of linseed oil in their 
failure to form an ether-insoluble hexabromide. It appeared of interest therefore 
to examine the effect of treatment with potash on the amount of insoluble 
bromide formed by the acids of linseed oil. Portions of 3-6 g. each of the acids 
prepared by a short treatment with potash and by prolonged treatment 
(Exp. 2) respectively were dissolved in 40 ml. of dry ether. The solutions were 
cooled in a freezing mixture, and 2 ml. of bromine were added to each in small 
instalments over a period of 30 min. A distinct difference in the behaviour of 
the two solutions was apparent. With the acids prepared by a short saponifica- 
tion the usual heavy precipitate of crystalline “hexabromide” was formed. 
With the acids subjected to prolonged treatment with potash, however, there 
was no crystallization during the addition of bromine. The solution remained 
clear after standing in an ice-chest for some hours, and only a slight sediment 
appeared after keeping under similar conditions for some days. 

The absorption spectra of the acids recovered from the ether-soluble and ether- 
insoluble bromides of the linseed acids. Exp. 5a. In the above experiment a yield 
of crystalline “‘hexabromide” corresponding to a theoretical linolenic acid 
content of 14°% was obtained from the linseed acid prepared by a short saponi- 
fication as a heavy white powder. This product, and also the syrupy liquid 
bromides, were next debrominated by refluxing with zinc and a methyl alcoholic 
solution of hydrochloric acid. The methyl esters so obtained were refluxed with 
potash for a week, and the free acids recovered and their absorption spectra 
determined. The results obtained were as follows. 


After 7 days’ refluxing 


Short with KOH 
saponification Ei? 
EB! lf, cm, 
Acids from 230mp 230mp 270mp 
Crystalline fraction 5 670 610 
(14% of total) 
Non-crystalline fraction : 310 200 


(86% of total) 


It will be seen that after refluxing the acids recovered from the ‘“hexa- 
bromide” absorbed much more strongly than those recovered from the ether- 
soluble bromides. In neither case, however, was the absorption confined to one 
maximum, as might perhaps have been expected if only one type of pro- 
absorptive acid had been present in each fraction. The purity of the methyl 
**linolenate”’ which should in theory [Rollet, 1909] be the sole substance obtained 
by the debromination of the crystalline fraction, was also open to question on 
account of the lowness of the iodine value (1.v. before refluxing with KOH, 
Wijs’s=210, theoretical 1.v. for methyl linolenate = 261). This low value, how- 
ever, may conceivably have been caused by the incomplete removal of solvent. 

Exp. 6. 36 g. of linseed oil acids prepared by a short saponification (Exp. 2) 
were dissolved in 360 ml. of dry ether and treated with slight excess (20 ml.) of 
bromine, which was added drop by drop over 30 min., the flask being cooled in 
a freezing mixture. The flask was allowed to stand for 2 hours in a refrigerator. 
The precipitated bromides were then filtered off, and washed many times with 











SPECTROSCOPIC CHANGES IN FATTY ACIDS 145 


small volumes of ether. 10-4g. of white crystals were obtained, together with 5-i g. 
of crude bromides which were recovered from the sides of the vessels. The total 
yield of crystalline bromides was thus 15-5 g., representing a theoretical linolenic 
acid content of 5-7 g., or about 16%. Excess of bromine was removed from the 
mother-liquor by treatment with zinc dust. The solution was then concentrated 
to a viscous liquid, which turned slightly brown during the course of the evapora- 
tion. 

The crystalline bromides, a portion of the non-crystalline bromides and a 
portion of the original mixed acids (as a control) were then treated as in the 
previous experiment, except that refluxing was for 6 days. Iodine values before 
and after refluxing were determined by the method of Rosenmund & Kuhnhenn, 
the reagent being applied for 15 min. (Table VI). 


Table VI 


Lv. After 6 days’ refluxing Soa KOH 
short E 1 em 
saponification 
my .V. 230mp 270mp 

Original mixed acids 175, 173 — 
Mixed acids treated with Zn + HCl 179 i 400 
Acids from crystalline bromides, 16%, 238, 247 204 490 

of total 
Acids from non-crystalline bromides, 152 128 300 

84% of total 


The results of this experiment, while showing minor quantitative divergences, 
are substantially in agreement with those obtained in the preceding experiment. 


DISCUSSION 


The presence in linseed oil of two or more acids susceptible to the influence of 
treatment with potash. The above results suggest that linseed oil contains two 
acids, or two types of acids, which undergo changes as the result of treatment 
with potash. One acid gives rise to a product which remains liquid at room 
temperature, and which shows intense absorption at 230my. The other acid 
becomes solid as the result of treatment with potash and has a very intense and 
distinctive absorption band at about 270m. The correctness of this interpre- 
tation of the results, rather than of the alternative view that the absorption 
bands at 230 and 270my refer to successive stages in the action of potash on one 
acid, seems clear from the observation that the absorptions shown after 1 week 
or after 4 weeks’ treatment with potash were virtually identical. Moreover, after 
the solid acids have been removed, the absorption of the remaining liquid acids 
was unaffected by further treatment with potash. 

Similarity of the solid linseed acid with the elaeostearic acid of tung oil. Although 
as pointed out above differences in melting-point rule out the identification of 
the solid acid obtained from the linseed acids by treatment with potash with 
either «- or B-elaeostearic acid, its resemblance to these substances is so striking 
as to suggest that it must possess a closely similar constitution. Crystalline form 
in itself is a rarity in polyethylenic acids. The absorption in the ultraviolet 
region, both in regard to its position and its very high intensity, is also remark- 
avle and very similar in each case. Finally we have seen that when the mixed 
acids of linseed oil are subjected to prolonged treatment with potash, so as to 
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cause the formation of the new solid acid they fail, in common with the tung 
acids, to form a crystalline ether-insoluble hexabromide. In view of the common 
possession of these striking characteristics it would appear reasonable to classify 
the new acid with the elaeostearic acids. 

The mechanism underlying the spectroscopic changes. Before drawing any 
inferences as to the mechanism underlying the spectroscopic changes decisions 
must be reached on two points (1) whether oxidation takes place, and (2) whether 
the increase in spectroscopic absorption is related to a fall in iodine value. The 
finding that the changes may be effected under virtually anaerobic conditions 
presumably rules out the possibility of oxidation. On the other hand, the con- 
clusion of Dann et al. [1935] that the spectroscopic changes are not associated 
with a fall in iodine value was based on experiments in which fats containing 
only small amounts of “pro-absorptive” acids were examined, or in which the 
time of treatment with potash was insufficient to carry the spectroscopic changes 
to completion. Under these circumstances slight falls in iodine value were 
usually observed, but were not considered to be significant. The results of the 
present work, however, taken in conjunction with the evidence of Edisbury et al. 
[1935] on fish liver acids, suggest that the spectroscopic changes are essentially 
related to a limited fall in iodine value. If this is so two alternative mechanisms 
appear to be possible: (1) we may assume, in agreement with Edisbury et al., 
that the action of potash causes cyclization, or (2) we may postulate that 
isomeric changes take place which result in the failure of one or more of the 
unsaturated linkages to absorb the halogen through some form of steric ob- 
struction. 

Spectroscopic evidence for the formation of hydroaromatic polycyclic nuclei 
has been advanced by Edisbury e¢ al. On the other hand, the close similarity 
between the solid acid obtained by the action of potash on the linseed acids 
and elaeostearic acid from tung oil recalls the work of Béeseken [1929] on the 
constitution of the latter acid. Although from the iodine value the presence of 
only two unsaturated linkages would be suspected, experiments in catalytic 
hydrogenation suggested the existence of three such linkages. From this 
evidence, from the high exaltation of the refractive index and from a study of 
degradation products the presence of a system of three conjugated unsaturated 
linkages was postulated. If this evidence is accepted it would appear highly 
probable, from the spectroscopic similarity, that the solid acid obtained from 
linseed oil contains the same system of unsaturated linkages, the difference in 
melting-point being ascribable to some minor difference, such as the position of 
the unsaturated system in the carbon chain. Other possibilities, such as multiple 
isomeric changes of the cis-trans type, must however be borne in mind. 

The identity of the “‘pro-absorptive”’ acids. The certain identification of the 
‘*pro-absorptive’’ acids which give rise on treatment with potash to acids 
showing absorption bands at 230 and 270my respectively is virtually impossible 
in view of the uncertainty of our knowledge as to the exact composition of the 
mixed acids of linseed oil. If we accept the current opinion that maize oil 
contains no acids more unsaturated than linoleic acid (two unsaturated linkages) 
then the absence of absorption at 270my from the mixed acids of this oil after 
refluxing with potash would suggest that linolenic (three unsaturated linkages) 
is the ‘‘pro-absorptive” acid responsible for the development of absorption in 
this position in the mixed acids of linseed oil. If we further accept the view that 
the solid acid from linseed oil is similar in constitution to the elaeostearic acid 
of tung oil, then the conclusion of Béeseken that the latter acid contains three 
unsaturated linkages strongly supports the above hypothesis. On the other 
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hand, since the acids of maize oil develop absorption at 230my on treatment 
with potash, it would appear reasonable to assume that the acid absorbing at 
this position is derived from linoleic acid. 

The two attempts to confirm these conclusions by studying the effect of 
potash on the fractions obtained from the mixed acids by precipitation with 
bromine were however unsuccessful. In both experiments a concentration of 
potential absorption was observed in the solid bromides. This absorption, how- 
ever, was not restricted to the 270m position, absorption at 230my being 
present in slightly greater intensity. Moreover, although there was a concen- 
tration of potential absorption in the crystalline fraction, the larger non- 
crystalline fraction (84°) carried a much greater proportion of the total potential 
absorption at both positions. In agreement with the conclusion that the total 
amount of potential absorption was not influenced by treatment with bromine 
the absorption in the non-crystalline fraction, at both wave-lengths, was slightly 
depressed below the level of the original mixed acids. 

Two alternative explanations of the disparity of the general evidence and 
that obtained in the fractionation experiments are possible. On the one hand 
we may accept the conclusion of Rollet [1909] that the crystalline bromide 
fraction represents pure linolenic acid. In this case we must assume that lino- 
lenic acid gives rise on treatment with potash to two products absorbing at 230 
and 270my respectively. Moreover, since the experiments with maize oil acids 
show that linoleic acid does not yield products absorbing at 270my, it is plain 
that the absorption at this position obtained by treatment with potash of the 
non-crystalline fraction must also be derived from linolenic acid. This finding 
would agree with Rollet’s suggestion that only about one-fifth of the total 
linolenic acid in linseed oil is precipitated by bromine. Assuming that the lino- 
lenic acid in the non-crystalline fraction gave rise to absorption at 230 and 
270my in the same proportion as that of the crystalline fraction, the proportion 
of linolenic acid necessary to satisfy the spectroscopic data would be calculated 
as about 50%. This percentage is in good agreement with the 50-60 % suggested 
by Rollet, but unless the remaining acids consisted entirely of oleic acid the 
iodine value calculated on this basis for the mixed liquid acids would be unduly 
high. 

As an alternative to assuming the formation of two distinct absorptive acids 
from the one pro-absorptive acid, we may question the homogeneity of the acids 
derived from the crystalline fraction. It is perhaps sanguine to expect that 
bromine should precipitate pure linolenic acid as its hexabromide from a mixture 
of linolenic with other acids, including in all probability linoleic acid and 
possibly also small amounts of more highly unsaturated acids. From the 
spectroscopic data in the present work it might be expected that only about 
one third of the crystalline fraction consisted of linolenic acid. Some difficulty 
lies in the acceptance of the simple course of writing down the remaining two- 
thirds of the crystalline fraction as linoleic acid. In Exp. 4, and in the work of 
other investigators, the iodine value of the “crystalline” fraction was much 
greater than that ascribable to a mixture of one third of linolenic and two 
thirds of linoleic acid. Moreover, the absorption at 230my was also increased in 
the crystalline fraction, whereas the linoleic acid concentration in this fraction 
must presumably have been somewhat less than in the “non-crystalline” 
fraction. These difficulties could be overcome by assuming the presence of an 
acid having four unsaturated linkages, and capable of giving rise on treatment 
with potash to an absorptive acid having more intense absorption at 230myu 
than that derived from linoleic acid. Thus one may visualize the action of 
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bromine as the precipitation of a fraction containing a concentration of the more 
highly unsaturated acids, i.e. having two, three and four unsaturated linkages, 
and with a mean degree of unsaturation slightly below that of linolenic acid. 
The non-crystalline fraction, on the other hand, would contain a concentration 
of less highly unsaturated acids, having one, two and three unsaturated linkages, 
with a mean iodine value slightly below that of linoleic acid. The most weighty 
argument against this view would appear to lie in the apparent purity of the 
linolenic acid hexabromide obtained by Rollet and other workers, as indicated 
by crystalline form and constancy of melting point. 











III. THE BIOLOGICAL ACTIVITY OF THE ACIDS 
OF LINSEED OIL IN DIFFERENT 
SPECTROSCOPIC STATES 


The work of Burr & Burr [1929] and of McAmis et al. [1929] has proved that 
rats are unable to survive when restricted for prolonged periods to diets deficient 
in fat. Experiments by Burr & Burr [1930] and by Burr et al. [1932] on the 
action of various fats and fatty acids in curing the lesions caused by fat deficiency 
have led to the identification of linoleic and linolenic acids as “essential fatty 
acids” (vitamin F) which presumably cannot be synthesized in adequate amounts 
by warm-blooded animals. 

This work has been criticized by several groups of investigators who have 
either failed to confirm the necessity for the inclusion of fat in the diet, or have 
ascribed the lesions developed to an inadequate supply of the vitamin B com- 
plex. Burr & Brown [1933], in answering these criticisms, have pointed out that 
the lesions of “‘essential acid deficiency” are not to be expected unless the diet 
is rigorously freed from fat, and that they occur even when requirements for the 
vitamin B complex have been completely satisfied. The fact that some of the 
lesions observed in “‘essential acid deficiency’ (notably scaliness of the skin and 
necrosis of the tail) also occur in deficiency of the vitamin B complex must be 
taken as evidence that these conditions are not specific for any single deficiency. 
Tunge [1932], Evans & Lepkovsky [1933] and Becker [1935] have confirmed the 
observations of Burr & Burr under the conditions specified by these workers. 

Since the “‘essential fatty acids” are presumably to be included among those 
capable of showing changes in spectroscopic absorption, it was obviously of 
interest to inquire into the influence of the spectroscopic state on the biological 
activity. 





























EXPERIMENTAL 


Basal diet. Albino rats, 4-6 weeks old, were given a diet of 25% caseinogen, 
70% cane sugar, 5% salts and 10% of extracted dried yeast. The caseinogen 
was extracted with hot alcohol by the makers (Joseph Nathan, Ltd.). The dried 
yeast, in one large batch of 12-7 kg., enough to last the whole experiment, was 
finely ground and extracted twice with 20-litre portions of cold trichloroethylene. 
This treatment extracted 0-69 % of lipoids. A subsequent extraction of a sample 
of the prepared yeast with chloroform gave a further 0-6 % of lipoids, but since 
the biological tests had been started it was thought inadvisable to interfere with 
the continuity of the basal diet by resorting to further extractions. 

During the first 156 days of the experiment liberal doses of vitamin A 
(500y per week of vitamin A concentrate, B.D.H.) and of vitamin D (ly per 
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week of calciferol) were given, the diluent being liquid paraffin. By a misunder- 
standing dosing was stopped after this point, but colorimetric determinations of 
vitamin A on the livers of four animals which died after being on experiment 
about 150 days indicated the presence of substantial reserves in all cases (mean 
total reserve 10001.U.). From the work of Davies & Moore [1937] reserves of 
this order should have been quite adequate for the subsequent period during 
which doses of fatty acids were given. Vitamin E was given from day 80 to 
day 295 as 40 mg. monthly of the unsaponifiable matter of cotton seed oil, 
partially freed from sterols. This concentrate was not tested biologically. No 
instances of the abnormality of the uterus found by Martin & Moore [1936] to 
occur invariably in rats given diets deficient in vitamin E were, however, 
observed. 

With the growing complexity of our knowledge of the vitamins the technical 
difficulties in devising a diet free from the vitamin to be tested, yet containing 
adequate amounts of all other vitamins, are becoming increasingly serious. The 
above diet cannot be considered ideal since, apart from accidental imper- 
fections, the factor found by Coward ef al. [1929] in light white caseinogen was 
presumably absent. The results given below, however, indicate that the diet was 
adequate for the purpose required, since the survival of the animals was secured 
by the addition of the fatty acids under investigation. These acids could reason- 
ably be presumed to be entirely free from any of the factors whose adequacy in 
the basal diet might appear open to question. 

Behaviour of rats on the deficient diet. Weight increase curves of rats restricted 
to the above basal diet are shown in Fig. 1. In all cases growth ceased within 
90-120 days, at body weights usually between 150 and 200 g. for males, and 
between 100 and 150g. for females. In possible association with the more rapid 
growth rate of the males it is noteworthy that seven out of an original eleven 
males died before the commencement of dosing at 175 days, whereas all of the 
ten females were surviving at this time. 

In the course of the tests instances of all the lesions reported as being typical 
of deficiency of ‘‘essential fatty acids” were observed. Scaliness of the tail, with 
occasional necrosis of the tip, was present in most cases. Apart from the tail the 
skin lesions developed were, however, usually less severe than those reported by 
Burr & Burr, possibly on account of the incomplete removal of lipoids from the 
dried yeast used in the basal diet. Generally they amounted to no more than 
a baldness and reddening of the tip of the nose, but a few cases of marked bald- 
ness or sparseness of the coat were noticed. In one animal, which had been cured 
by the administration of acids and then restricted once more to the basal diet 
(see below), a severe seborrhoea, with loosening of the hair in tufts, was developed. 
Two typical instances of the reddening of the eyelids described by McAmis e¢ al. 
were observed. In one case, in which the eyeball was also involved, the lesion 
bore a striking resemblance to the xerophthalmia of vitamin A deficiency. A 
substantial vitamin A reserve was however detected in the liver at autopsy. 

In order to confirm the occurrence of the kidney lesions reported by Burr & 
Burr, and subsequently studied histologically by Borland & Jackson [1931], the 
kidneys of most of the rats used in the present experiment were taken at autopsy 
and examined both macroscopically and in stained sections. In the majority of 
cases yellowish concretions (calcification) at the apices were observed. The tubules 
were usually much dilated, both in the cortex and medulla, while in some cases 
there was a marked degeneration of the epithelium of the convoluted tubules, 
or a blocking of the tubules with colloidal casts. These findings are essentially 
in agreement with the detailed description given by Borland & Jackson. The 
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greatly increased water intake of the animals during life, reported by Burr & 
Burr, was not systematically studied. In the few cases examined however the 
amounts of water ingested certainly appeared to be in excess of the requirements 
of normal animals. 
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- 


100 days 


Fig. 1. Biological tests on the mixed acids of linseed oil in different spectroscopic states. 
Rats Nos. 1, 2 and 3 were given 64mg. daily of the mixed acids of linseed oil, in the 
“‘pro-absorptive” state at the points indicated. Nos. 3, 4 and 5 received similar doses of 

the acids in the “‘absorptive”’ state. Rats Nos. 7-21 were negative controls. 


The administration of the mixed acids of linseed oil in different spectroscopic 
states. The mixed acids employed were those prepared in the course of Exp. 1, 
Part II. The specimens, prepared by a short saponification and by a week’s 
refluxing with alcoholic potash respectively, were administered without esterifi- 
cation to two groups of three rats each at the rate of four drops (about 64 mg.) 
daily. Dosing was commenced on day 175 of the experiment, and continued until 
day 247. In every case a slow, but definite, increase in weight was observed 
over the period of dosing (see Fig. 1). 

The effects of dosing with acids were also apparent in the subsequent history 
of the rats beyond the “period covered by the weight curves. When dosing was 
started eight animals remained as negative controls. Two were killed for patho- 
logical examination. Of the remainder one animal (2 No. 17) died during the 
period when the selected groups were still receiving acids, while four more 
(3 No. 14 and 9 Nos. 15, 16 and 19) died on or before the 303rd day of the 
experiment. At this period only one member of the untreated group (2 No. 18) 
survived, without having shown any increase in weight. In contrast all six 
animals which had received acids survived at this point, although in most 
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instances their weight had again started to decline. Thus six out of six animals 
had survived in the treated groups, one out of six in the untreated group. 

Administration of the solid unsaturated acid. Owing to scarcity of material 
it was only possible to test the biological activity of the solid acid on two 
animals. The tests were carried out on separate occasions, and in neither case 
were the technical conditions entirely satisfactory. Rat No. 18 2 was given 
64 mg. daily of the solid acid (Exp, 2, Part II) for about 40 days, commencing 
on day 315 of the experiment. No weight increase was observed, but it is con- 
ceivable that the failure to respond was due to deficiency of vitamin A. For the 
other test rat No. 6 2 was used (see Fig. 2). This rat had been used for testing the 
activity of the mixed “absorptive” acids (Fig. 1) and subsequently allowed to 
decline again on the basal diet. Vitamin A had been supplied for several weeks 
without inducing any gain in weight. The solid acids were given at the level of 
100 mg. daily for 10 days. No increase in weight was observed, and in spite of 
the administration of the acids death supervened 2 days after the conclusion 
of dosing. This test may possibly be open to the criticisms that the period of 
dosing was relatively short and that the condition of the animal may have 
reached an incurable stage. 

The effect of the addition of 30°), of linseed oil to the diet of rats after prolonged 
restriction to a diet deficient in essential fatty acids. In order to confirm the bene- 
ficial effects of the “‘essential fatty acids” the rats previously dosed with either 
“‘pro-absorptive” or “absorptive” acids (Nos. 1-6, Fig. 1) were allowed to 
decline again on the basal diet. The continuation of the weight curves, from the 
points of maximum weight after the administration of acids downwards, are 
shown in Fig. 2. At the points indicated (v.A) any possibility of vitamin A 


100 days 


Fig. 2. The treatment of rats allowed to decline for a second time through “essential fatty 
acid”’ deficiency with linseed oil. A vitamin A concentrate was given at the points marked 
“y, A”. Linseed oil was included in the diet of rats Nos. 4, 2 and 1 at the level of 30 % from 
the points marked “L.S.0.” Rat No. 6 was given 100 mg. daily of the solid unsaturated 
acid prepared from linseed oil at the point marked “S.A.” Rats Nos. 5 and 3 were 
negative controls. 


deficiency was ruled out by regular dosing with vitamin A concentrate, dissolved 
in liquid paraffin. No response was shown in at least four animals (Nos. 2, 1, 3 
and 6). Slight irregular fluctuations occurred in the weight of 2 No. 5. In the 
case of $ No. 4 growth appears to have recommenced from this point, but it is 
possible that the rise for the short period until treatment with linseed oil was 
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started may have been in reality no more than the commencement of a minor 
casual fluctuation in weight. At the points indicated by L.S.O. three of the 
animals were given linseed oil, which was included in the diet at the level of 
30% in place of a corresponding amount of sugar. To avoid oxidative changes 
the diet was mixed fresh daily. 

One animal (3 No. 1) was by this time in a state of rapid decline and died 
3 days later in spite of receiving linseed oil. In the other two rats prolonged 
periods of rapid growth were observed, which were accompanied by great 
improvement in the general condition of the animals. Thus the coats became sleek 
and glossy, with a restoration of the growth of hair on the nose and the healing 
of tail lesions. On autopsy at the conclusion of the experiment the viscera were 
found to be in a correspondingly healthy state, with abundant intraperitoneal 
fat deposition. Histological examination of the kidneys showed them to be 
normal, apart from a slight pitting of the cortex in one instance suggestive of 
healed lesions. The condition of the animals which were not given linseed oil 
remained poor. 


DISCUSSION 


The results of the above experiments afford additional confirmation of the 
findings of Burr & Burr, both in regard to the lesions developed in the rat when 
given a diet deficient in fat, and the cure of these lesions by the administration of 
small amounts of polyethylenic acids. Moreover, it would appear from the present 
work that the deficiency may be developed in fatal form using diets which have 
been less carefully freed from fats than those originally described by Burr & 
Burr. 

The biological activity of the acids of linseed oil after prolonged treatment with 
potash. The specimen of mixed “‘absorptive”’ acids subjected to biological tests 
in the present work could not have contained more than traces of polyethylenic 
acids present in their original ‘‘pro-absorptive’’ form. The positive responses 
observed, therefore, must be ascribed to one or other of the “absorptive” acids, 
or to their combined action. As stated above the separate tests carried out on 
the solid acid, showing absorption at 270m, were somewhat inconclusive. The 
result given, however, might well have been anticipated from the finding of 
Burr & Burr that the elaeostearic acids, to which the new solid acid bears a 
striking resemblance, are devoid of biological activity. In support of this view 
no evidence of preformed absorption at 270m was observed in any mammalian 
fat in the present work. On the other hand, in several fats (e.g. butter, lard and 
mutton fat) virtually the whole of the polyethylenic acid content appears to be 
present in the “‘absorptive”’ form, with a single absorption maximum at 230m. 
It would seem probable that the acid, or acids, absorbing at 230my which are 
formed by treatment of the corresponding “pro-absorptive”’ acids with potash 
are identical with the acids absorbing at this position as found in mammalian 
fats. 

The question of the purity of preparations of polyethylenic acids. Although the 
results of the present experiments completely confirm the observations of Burr & 
Burr it cannot, in the author’s opinion, be taken as finally proved that linoleic 
and linolenic acids are themselves the “essential fatty acids’. All that can be 
said is that the purest preparations of these acids so far available possess 
biological activity. No evidence as to the purity or otherwise of specimens of 
linoleic acid was obtained in the present work. The attempt to prepare a 
specimen of pure linolenic acid, however, resulted in a product which, on 
spectroscopic grounds, might be suspected of being a mixture of two or more 
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acids. The possibility that the biological activity of linoleic and linolenic acids 
may be ascribed to the presence of a small admixture of some more highly 
unsaturated acid, or acids, cannot be entirely dismissed. 


SUMMARY 
Part I 


The effect of prolonged refluxing with potash in increasing the spectroscopic 
absorption of the mixed acids of various fats and oils has been studied. An 
arbitrary period of 24 hours’ refluxing was adopted in most experiments. Under 
these conditions the absorption developed in the acids of vegetable oils, which 
were nearly transparent when prepared by a brief saponification, increased with 
the degree of unsaturation. The absorption maxima were at about 230muy. 
The acids of land mammals’ fats differed from those of vegetable fats in 
having a considerable portion, and sometimes virtually the whole, of their 
potential absorption developed in the natural state. The absorption maxima were 
again at about 230my. The acids of marine oils differed from those of the oils of 
vegetables and land mammals in developing absorption at about 270my, 
together with absorption at 230my at slightly inferior intensity. The one bird 
fat examined had its acids present in the “pro-absorptive” form, with the 
development of a maximum at 230my on refluxing. 

The acids responsible for the increased absorption would appear to be those 
having two or more unsaturated linkages. Saturated acids and oleic acid do not 
show the property in any marked degree. 

The absorption properties of the acids of tung oil are exceptional since this 
oil shows very intense absorption, with a sharp maximum at about 270my, even 


before saponification. 
Part II 


A detailed study of the effect of refluxing with potash on the mixed acids of 
linseed oil has been carried out with a view to determine the time necessary 
for the changes to go to completion and to investigate the nature of the products 
formed. The first effect of refluxing was to raise the absorption at 230my. Later, 
however, absorption at 270my began to develop, almost equalling the absorption 
at 230my in intensity after about a week. The development of absorption at 
270mp was found to coincide with the formation of a solid unsaturated acid 
which could readily be separated by crystallization. The new acid bore a striking 
resemblance to the elaeostearic acids which may be prepared from tung oil, but 
had a higher melting-point than either the «- or B-isomeride. The mother-liquor of 
the mixed acids from which the solid acids had been crystallized showed absorption 
only at 230myp, which was not appreciably changed by further refluxing. 

The current view that linolenic acid and the elaeostearic acids are isomeric, 
considered in conjunction with the finding that absorption at 270my was not 
developed by the mixed acids of maize oil, which is considered to contain no 
linolenic acid, suggested that the new solid acid might be derived from linolenic 
acid. “Crystalline hexabromide” and “non-crystalline bromide” fractions were 
prepared from the mixed acids of linseed oil. A slight concentration of potential 
absorption was found in the “‘crystalline’’ fraction, which should presumably 
have consisted of almost pure linolenic acid, but absorption was developed both 
at 230 and 270mu. The bulk of the potential absorption at both these positions 
remained in the much larger ‘“‘non-crystalline fraction’’. These results suggest 
either that the acid may give rise on treatment with potash to separate products 
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absorbing in different positions, or that the ‘“hexabromide” fraction was in 
reality a mixture. 

In common with the acids of tung oil the mixed acids of linseed oil, after 
prolonged refluxing with potash, no longer gave a crystalline ether-insoluble 
precipitate with bromine. 

A commercial sample of boiled linseed oil gave acids showing substantially 
increased absorption at 230my, but no absorption was present at 270mw. 










Part III 


The results of Burr & Burr on the inability of the rat to subsist on a diet 
freed from fat, and on the nature of the lesions sustained, have been confirmed. 
The mixed acids of linseed oil, both in the “‘pro-absorptive” state as prepared by 
a brief saponification and in the “absorptive” state after prolonged treatment 
with potash, were found to have biological activity in curing the condition. It 
is doubtful whether the solid acid absorbing at 270my has biological activity. 
The only possible criticism of the conclusion of Burr & Burr would appear to 
lie in the doubtful purity of even the best preparations of linoleic and linolenic 
acids, which may possibly contain small amounts of more highly unsaturated 


acids. 
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THE determination of a value for the vitamin A reserve which may be considered 
typical for the normal human being constitutes a problem of considerable import- 
ance in nutritional research. It is equally important to discover whether in any 
ordinary diseases, as opposed to acknowledged deficiency diseases, low vitamin A 
reserves are prevalent. Wilson [1927] made the first attempt to answer these 
questions by determinations of the vitamin A content of specimens of liver 
obtained at autopsy. Similar investigations have since been carried out by 
Wolff [1929; 1932], Kerppola [1931], Moore [1932; 1934], Green [1932], Fox 
[1933], Breusch & Scalabrino [1934], Muller & Suzman [1934] and Crimm & 
Short [1935]. 

The main vitamin A reserve of the body is located in the liver and may be 
readily assayed by the antimony trichloride reaction without the necessity for 
biological tests. The collection of data is therefore less laborious than for most 
other vitamins. On the other hand, several serious difficulties must be faced in 
the interpretation of results. (1) Even in normal subjects the vitamin A reserve 
varies over a wide range. In studying the relationship between disease and low 
vitamin A reserves, therefore, results obtained upon individual cases are of 
little significance. Valid deductions can only be drawn from data obtained on 
large groups. (2) When low vitamin A reserves are observed in any particular 
disease it may be difficult to decide whether the subnormality is a cause or an 
effect of the disease. (3) If we have reasons for believing that low vitamin A 
reserves in any disease are of aetiological significance we have no justification for 
assuming that vitamin A deficiency is the only, or indeed the most important, 
defect involved. Diets deficient in this vitamin would probably be deficient in 
other factors, e.g. in vitamins C and D. 

It is plain therefore that observations of vitamin A reserves at autopsy can- 
not be expected to provide an immediate and comprehensive solution of the 
whole problem of the significance of vitamin A in human nutrition, although 
data so obtained may be of real value in affording a first indication of those 
diseases in which low vitamin A reserves are most frequently encountered and 
in indicating profitable fields for future research. 

Of the 950 cases investigated in the present work about 320 formed the bases 
of the earlier preliminary communication mentioned above [Moore, 1932]. 


EXPERIMENTAL PROCEDURE, TECHNIQUE AND EXPRESSION OF RESULTS 


Collection of specimens. Specimens of human liver were obtained through the 
kindness of Prof. J. Shaw Dunn, Royal Infirmary, Glasgow; Dr W. M. Elliott, 
Ruchill Fever Hospital, Glasgow; Prof. E. H. Kettle, St Bartholomew’s Hospital, 
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London; Prof. J. R. Marrack, London Hospital; Prof. R. Muir, Western In- 
firmary, Glasgow; Dr Dorothy Russell, London Hospital; Prof. M. J. Stewart, 
General Infirmary, Leeds; Prof. H. M. Turnbull, London Hospital; Dr C. G. L. 
Wolf, Addenbrooke’s Hospital, Cambridge; and Prof. J. 8S. Young of the Queen’s 
University, Belfast. 

During the early stages of the work, which was extended over several years, 
specimens were obtained from cases dying from all types of diseases. Later the 
collection of specimens was restricted to those diseases which appeared to show 
subnormal reserves. 

Technique. 5 g. portions of liver were taken at autopsy, placed in small wide- 
necked stoppered bottles, covered with 10 ml. of 5% aqueous KOH, and sent to 
this laboratory. Vitamin A was assayed by the antimony trichloride method 
using the technique of Davies [1933]. Control experiments indicated that no 
deterioration of the vitamin was to be expected during the time necessary for 
dispatch and assay, and also that samples of liver taken from different lobes gave 
identical results. 

Expression of results. Individual vitamin A reserves were first calculated in 
blue units per g. of wet liver,! and then converted into international units per g. 
by multiplying by 0-6. 
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Whilst an accurate conversion of blue units into international units is not possible at our 
present stage of knowledge the obvious advantages of the expression of results in this form must 
outweigh any criticism of want of accuracy. The conversion factor given above was calculated as 
follows: 1 B.vu. per g. (Moore) =Carr-Price value 0-0182 = "> 328 my 0-000373 =0-60 I.U. per g. 
The conversion of B.v. per g. (Moore) into Carr-Price value depends on the definition of the two 
scales. The factor for converting Carr-Price value into E};': 328my has been calculated from data 
relating to a rich vitamin A concentrate [Carr & Jewell, 1933]. For converting Z}/* 328my into 
I.U. per g. the factor 1600 provisionally recommended by the Medical Research Sub-Committee 


on vitamin A standardization has been adopted. 
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The results in groups of cases were summarized by dividing each group into 
three equal sub-groups (“low, medium and high”’) according to ascending vitamin A 
reserves and then taking the mean of each sub-group. The mean of the middle 
sub-group is described as the ‘‘median” and is taken as the main criterion of the 
vitamin A range of the whole group. The mean of the whole group is also given 
to facilitate comparison of the present results with those of previous workers. 









This method is not claimed to be ideal, but has been adopted after giving serious consideration 
to many other possible methods. The essential difficulty in arriving at a satisfactory method of 
summarizing results lies in the enormous spread of values which occurs even in health. The ordinary 
method of taking the mean for the whole group is open to the objection that the mean may some- 
times be unduly influenced by the inclusion of very high values. Thus one case with a very high 
value might cancel the effect of 10-20 cases having low reserves. In a previous communication 
[Moore, 1932] a graphical method was adopted for the expression of results. This method is 
however very laborious and does not seem to make the results any clearer than the simpler method 
adopted in the present paper. The mean of the middle third of cases is preferable to the actual 
median value, defined simply as the value of the middle case, in view of the susceptibility of the 
latter to fortuitous irregularity in the grading of cases. 



















1 In calculating the vitamin A reserve per g. of wet liver the author has followed the course 
adopted in previous work. In some circumstances, and notably in diseases involving marked 
change in the size of the liver, it might be considered preferable to give the total reserve of the 
whole organ. The former plan however has the advantage of giving a value that is independent of 
the size of the subject, and is considered adequate for its purpose at the present stage of the 








research. 





a 
M 
=< 
a 
et 
a 
& 
7, 
< 
B 
= 
— 
& 
x 
Z, 
— 
=< 
qi 
= 
— 
oH 
—_ 
> 


OsT 
OGG 
orl 


0&S 


OGT 
Ort 


Or 
98 
OL 
OFT 
Lt 
6¢ 


OLT 
orl 
O9T 
OLT 
OOT 
OFT 
OLT 
96 

Org 
0z¢ 
O&S 
O8T 
oot 
88 

OST 
O&T 
OFT 
O0&% 
orl 
oO9T 
O1% 
O€T 
OST 


Oz 


O&Z 

OST 

062 
uUveTY 


FS 


09¢ 
OFZ 


O&S 
OSG 


OLE 


O96 
O&% 
OZE 
ose 
OG 
OST 


O06E 


O1% 
OZE 
Oge 
0&% 
OZE 
OLE 
O&% 
ogee 
OgL 
OLS 
OSS 
OFZ 
00% 
O8Z 
OSG 
008 
OLF 
OZ 
068 
O6F 
OFS 
00g 
og 
OSF 
Ose 
06¢ 
‘H 


68 


ost 
06 


tg 


SL 


Ob 
6} 
SL 
8% 
so 


S6 


OFF 
Orr 


96 


9L 
oor 
0st 
09 


org 
Obs 
008 


88 
09 
89 


00T 
OTF 
S6 
O9T 
GL 
bL 
OTF 
OFF 
OTF 


OLt 


ost 
oor 
026 


S 


DOr 


—, 


¥ 


(wetpout) 


W 


—————— 


(sparq) ysoysiq pue 
eTpprur “4saMoT jo 
SuvOTT “TOATT “# roc 
OALOSOX YO UPUIEITA 


*a*t) 


1e 
i 
99 
ah 
Or 
1g 
98 
89 
SF 
69 
OF 
re 
ge 
1e 
9 
cP 
68 
LE 
L9 
ge 
ose 
uve, 


6S-ST 
sone |v 
6S-ST 
6S-ST 
09 1949 
6¢-ST 


6S-ST 
09 1040 
6S-ST 
6S-ST 
09 1040 
6S-CT 
6S-ST 
6S-ST 
6S-CT 
09 1940 
6S-ST 
6S-ST 
6S-ST 
6S-ST 
09 1240 
6S-ST 
09 240 
6o-ST 
6S-ST 
6S-ST 
6o-ST 
09 12AQ 
6S-ST 
6S-S1 
sone TV 
09 1040 
6S-CT 
dnoid ofy 


*9AOG’ UOAIS SOSVd YG OY} Surpnypouy , 
‘049 Vrurovorqdes jerodiond ‘uorroqe ‘£ur104001048A Fy 


uoryerouesep OAr0U Jo sedAy TV 


WST]OquIe pue sIsoquIOITL Ty, 
esvesIp StjuRg “eruovUe snororured 
‘osvosip S.uryspoy ‘eoseyssowovy vaindand ‘eruovonoy “ermoeuy 
SI}Ipreoopus oynoeqns ‘yueustpeur ‘eatyeroojn ‘orydag 
stqLygae 
onjdes ‘styyeXur0eyso ‘eruevorydoes ‘sossoosqe—suorqooyut 10490 
StySutuout ‘sTPIpTOyseUL ‘sosseosqe [eIqe.100 
‘sUOTPOOJUT SHUTS puB WMAZUe ‘sIyTVO ‘sUOTyOOJUT oUTdS pue PROT] 
SOSBASIP 0FB4SOIg 
suOTpOJUT Jeppeyq pue Aoupryy 
stytrydou oynoe-qng 
“ 


stqiaydou oru0ry9 
stsoyLito 
onytqdds ‘esopou styiioprertod ‘suistmoue o1j1oe ‘stq14108 orjrTyd Ag 
“ 
SULIO} [][@ ‘te0ueD 
SULIOJ [[e ‘stso[Noreqny, 
“ 


sesvostp Areu0109 
ainssard pooyq ysty woIy SuryNser osvyArowevy [erqa1eD 
qvoT] OY} JO SOSVESIP TB|MNATC A 


sasvasip prordyy, 
“ 


soqoqviqy 

SIPTOUOIG OTUOTYO ‘stsejooTtoUOIg 

ewekduy 

(oyouorq pue zeqoy) etuoWMEUg 
“cc “ 


sasvasIp Joppeyq [Tey 
“ “ 


“ 


seinysy peoovy ‘suOT}ONAISGO JeUTyseqzUT “eTUIOFT 

STITMOFLIO 

ST4TJOO PUL STFLIOPUTT 

stytoipueddy 
“ 


“ “ 
UOT}VIBIIN PeuSponp pue oLIyseVy) 
Sutuostod wor skep ), urqygUa yyeeq 
yAanfut reqye our Aue ye Yeo, 

“ “ 


Ammfut yo sXep J urqgta qyeoq 
yyeop Jo asned 


e14eT 


a 
wo 


QO 3 
THK KN 


° 
“G6 


9¢ 
9h 
98 
v1 
0 
9% 
9¢ 
6 
8 
ST 
ral 
rai 
8 
L 
gl 
L 
Ol 
aI 
II 
61 
6 
& 
st 


$l 
9T 
Ov 


sasvo 
Jo ‘ON 


UOUIOM 
jo sesvesip ‘gy dnory 


sesvestp prod jeurds 
pue oasou ‘py dno 


wistjoquiea pue 
sisoquiory ‘gt dno 


“040 ‘UOT}V.IOUOS Poo[q 
jo sasvestp ‘g~t dnowy 


sesvestp 
ondes ‘tt dnor 


qowry Are 
-utan pue Aoupry oy} 
yo sosvestp ‘oT dno 


sesvasip 
onyrgdds ‘6 dno 


qaouvs ‘g dnorny 
stsopnoreqny ‘), dnory 


sasvestp A109e]Nd.ITO 
pue qavoq ‘9 dno 


SVOSIP 
eutmopue ‘¢ dno 


sesvesip 
Aroyeardser ‘fF dnowy 


SOSBOSTP OVI} 
Aveyuounye ‘¢ dno 


Sutuostod ‘g dno 


yeep 
jequeprooe ‘yp dno 








158 T. MOORE 










Classification of cases. Cases have been classified according to the primary 
disease causing death. Thus cancer cases have been classed as such although the 
immediate cause of death might be pneumonia or peritonitis. No very logical 
system in the order of tabulating results can be claimed. As a general rule 
diseases have been grouped according to the physiological system effected. Some 
exceptions to this rule have however been made, notably in grouping together 
all cases of tuberculosis, neoplasms and syphilis, irrespective of the system 
sustaining the lesion. 

Age limits. Previous work [Wolff, 1929; Breusch & Scalabrino, 1934] has 
suggested that, except in early infancy, the vitamin A reserve shows no significant 
variation with age. In the present work it was found that, although very high 
reserves were often observed in individual cases, the medians for groups over 60 
were usually lower than for corresponding groups of younger subjects. Whilst 
the evidence available is not sufficiently weighty to permit a decision on this 
point it has been thought desirable to rule out any complicating factors that 
might arise through the effects of old age by excluding data on subjects over 60. 
The exclusion was effected half-way through the work by ceasing to collect 
specimens from cases over 60. In those diseases for which a large number of 
cases had already been collected values have been calculated separately. Unless 
otherwise stated the data given refer to subjects between the age limits 15-59. 

Disease level median. In the present work the vitamin A ranges in almost all 
diseases were considerably below the level found in accidental death (220 1.v. 
per g.). It is not certain how far the disparity can be correlated with the 
existence of disease per se, and how far with other factors, such as changes in 
dietary habits during hospital treatment. It is plain, however, that some 
standard of comparison is needed in order to distinguish between those diseases 
which show only the ordinary depression below the accident level and those 
showing very low reserves. For this purpose the median observed in cancer 
(110 1.v. per g.) has been chosen, as being typical of a chronic disease which does 7 
not appear to have any connexion with vitamin A deficiency, and for which 
adequate data are available. Working on an arbitrary basis, only those diseases 
with median less than 80% of the cancer median (i.e. less than 88 I.U. per g.) 
have been regarded as showing significant subnormality. 

The results obtained are given in Table I. 








































It may be pointed out that the antimony trichloride method is accurate to 5-10% for values 
obtained in the same laboratory, while a larger degree of error might sometimes occur in results 
obtained on the same specimen in different laboratories. For individual cases therefore values can 
only be considered accurate within these limits. When, however, the mean of a number of cases 
is taken one might expect, by compensation of errors, that the margin of error might be reduced. 
In Table I results have been “rounded off” to show two figures. The second figure is of question- 
able significance when the first figure is large. Values under 10 have been given as the nearest 


integer. 











Discussion 


The vitamin A reserve in health 






The typical vitamin A reserve of the normal adult. To establish the extent of 
the vitamin A reserves in health it is necessary to resort to data obtained on 
cases of accidental death. No assurance can be given that all the cases were in 
perfect health, but the accident group appears to afford a reasonable cross- 
section of subjects in ‘‘ordinary health”. Since the reserve varies over a wide 
range (even in this group) (lowest individual value 10, highest 1500) it is not 
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permissible to speak of a ‘‘normal” reserve. The median (220) of this group may, 
however, be taken as the “‘typical” vitamin A reserve in health. This result is 
somewhat higher than that previously given (130 1.v. per g. [Moore, 1932]), the 
increase being mainly due to the restriction of the age limits (15-59) and to the 
omission of cases dying more than 7 days after injury. In Table II the results 
obtained in the present work are compared with previous findings, the same 
factor (0-6) for the conversion of blue units into international units being 
employed in each instance. In view of the difficulty of ensuring a reliable com- 
parison of results obtained by colorimetric methods in different laboratories it 
is enough to note that the values obtained by all three workers are of much the 


same order. 
Table II. Accidental death 


No. of 


Worker cases Subjects Mean Median 
Fox [1933] 14 African native mine workers 180 110 
Moore [1932] 23 British (all cases) 200 130 
Moore (1937) 73 British (all cases) 220 150 
Moore (1937) 40 British (age 15-59) 290 220 
Wolff [1932] 78 Dutch 160 ca. 110 


Time equivalent of the typical human reserve. Davies & Moore [1935] have 
estimated the physiological requirements of the rat at 2 B.U., or 1-2 1.U. per g. of 
liver per day. By analogy with this admittedly rough estimate the typical human 
reserve, assuming equal expenditure per g. of liver, should be sufficient to support 
life for about 6 months. The prediction of the time of survival is made difficult, 
however, by the fact that the vitamin A reserve, especially if high, may some- 
times be dispersed at a rate greater than that demanded by apparent physio- 
logical requirements. 

Vitamin A reserves in disease 


Relation between the vitamin A reserve and general state of nutrition. As 
already mentioned one of the chief difficulties in the interpretation of data 
relating to liver reserves lies in the difficulty of deciding whether low reserves 
when observed in any disease represent a factor of aetiological significance or 
are merely a secondary effect. No satisfactory answer to this question can yet 
be given, but ample evidence is available to show that the vitamin A reserve 
bears no essential relation to the general state of nutrition. Thus Wolff [1929] 
found no difference in the vitamin A reserves of lean, medium and fat human 
subjects. In the rat Dann & Moore [1931] found that the extreme emaciation 
caused by vitamin B deficiency had no effect on the vitamin A reserve. In the 
present work high reserves were observed in cases of cancer showing severe 
emaciation. These results suggest that any effect of illness on the vitamin A 
reserve must be due either to a reduced intake of foods rich in the vitamin, or to 
the direct influence of the disease in causing either increased expenditure of 
existing stores of the vitamin or decreased assimilation of the alimentary 
supplies. There is no reason to suppose that failure in general nutrition in itself 
should cause low vitamin A reserves. 

Diseases showing high vitamin A reserves. Vitamin A reserves above the 
“level in health” were found in diabetes (ages 15-59, 300, over 60, 540 1.U. per g.). 
High values in this disease have been reported by other workers and appear to 
be mainly due to the adoption of vegetable dietaries. Whether this simple 


1 There appears to be no objection to the use of the term normal, or subnormal, in referring to 
ranges of reserves as opposed to individual values. 
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explanation represents the whole story is not certain. According to Ralli e¢ al. 
[1935] the ingestion of carotene by diabetics results in a more intense caro- 
tenaemia than administration of the same amount of carotene to a normal 
subject. The observation of high vitamin A reserves in the livers of subjects 
dying from diabetes must rule out the suggestion that there is any serious 
impairment of the power of the liver to convert carotene into vitamin A. It is 
possible, however, that a general slowing down of the metabolism of both 
carotene and vitamin A takes place, with consequent accumulation of both 
substances in the organism. 

High reserves were also found in thyroid diseases (all types), although the 
small number of cases available (9) makes the authenticity of this result more 
questionable. It may be noted, however, that Wolff found a high average for 
5 cases of exophthalmic goitre, while Breusch & Scalabrino observed the highest 
value in their 72 cases in a man 98 years old suffering from a swollen thyroid. 

Diseases showing moderate vitamin A reserves. The two groups with reserves 
most nearly approaching those found in accident cases were poisoning (170) and 
hernia (160), in both of which death had presumably occurred after a short, or 
no, illness. It may be noted that two out of three poisoning cases with fatty 
degeneration of the liver gave quite high values. This finding is in agreement with 
the work of Lasch [1935], who found that the vitamin A reserve of the rat is not 
reduced as a result of phosphorus poisoning and deduced from this result that the 
reticulo-endothelial system of the liver, and not the parenchyma, is concerned 
with the storage of the vitamin. The median (110) for the cancer group, which as 
stated has been taken as providing a value typical for disease, was about half 
the level in accidental death. A list of diseases with medians falling within 20° 
variation from the cancer level is given in the summary. 

Diseases showing low vitamin A reserves. To avoid misunderstanding it may 
be emphasized that in no disease were the vitamin A reserves uniformly low in all 
cases. Thus the highest values in diseases showing low medians were always higher 
than the lowest values in diseases showing high medians. Moreover, in referring 
to “low” reserves we are making a comparison with values found in other 
diseases, without any implication that the reserves were low in an absolute 
sense.! Bearing these points in mind we may gain a good idea of the striking 
subnormality observed in certain diseases by comparing median values. Low 
medians were found in the following diseases: 

Respiratory diseases (non-tubercular). (Bronchiectasis and chronic bron- 
chitis 80, pneumonia 63, empyema 60.) As Fox has pointed out, all workers are 
agreed that in pneumonia the vitamin A reserve tends to be lower than in health. 
Data obtained by Wolff on a large number of cases suggest, however, that the 
results in the present work may have been unusually low. 

Intestinal diseases. (Enteritis and colitis 74.) 


1 Since in the young rat the signs of avitaminosis-A do not develop until the liver reserve has 
been completly exhausted it might be argued that any measurable reserve must indicate that the 
immediate requirements of the organism are satisfied. Recently however evidence has become 
available which suggests that a state of avitaminosis may sometimes be reached before the colour 
reaction of the liver is completely negative. Thus Guilbert & Hart [1934] have observed night 
blindness in cows whose livers at autopsy still gave a faintly positive antimony trichloride reaction. 
Reactions of similar intensity have been observed by Guilbert & Hinshaw [1934] in the livers of 
turkeys killed when the first signs of avitaminosis become evident. The writer has observed faintly 
positive reactions in the livers of adult rats which have been allowed to accumulate stores of the 
vitamin and have then been restricted to a diet deficient in the vitamin for long periods until 


death supervened. 
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Valvular diseases of the heart (60). Results for this group are of interest in 
view of the extremely high proportion of cases (about 20%) which gave negative, 
or almost negative, vitamin A reactions. (Note the very low mean (7) for the 
lowest third of the group.) This finding gains interest in view of the observation 
of a very low median (15) in a group of nine children dying from heart disease 
[Ellison & Moore, 1937]. Although Wolff did not separate valvular lesions from 
other heart diseases he observed a decidedly low mean in a large group of heart 
cases of all types. 

Septic diseases. (Head and spine infection 73, other infections—septicaemia, 
cellulitis, carbuncles, osteomyelitis, septic arthritis, visceral abscesses—51.) The 
work of Mellanby and his colleagues [Green & Mellanby, 1928; 1929; Green e¢ al. 
1931] has focused attention on the anti-infective action of vitamin A. The results 
obtained in the present work confirm the previous finding [Moore, 1932] that 
severe infections may often occur in subjects having adequate, or even high 
vitamin A reserves. At the same time the low ranges of reserves found in septic 
diseases lend colour to the view that vitamin A deficiency, although it cannot 
be regarded as a sole cause predisposing to infection, may nevertheless be of 
aetiological significance in a large proportion of cases. The accumulation of 
additional data has supported earlier evidence [Moore, 1932] that low vitamin A 
reserves are to be found in the group described as “‘other infections”. More- 
over, the head and spine infections group, which previously gave a median at the 
ordinary disease level, is now included among those diseases showing low reserves. 
Septic endocarditis, however, continues to show a median (90) just above thd= 
arbitrary level taken as indicating subnormality. w 


Differences in the grouping of cases make a comparison of these results with ¥% 


those of other workers very difficult. Wolff reported reserves of varying degrees 
of subnormality in erysipelas, phlegmons, sepsis' and chronic suppurations. In 
otitis media and acute meningitis however no subnormality was observed. The 
total number of septic cases was about half those examined in the present work. 
Kaufmann & Drigalski [1933] found no difference in the reserves of pooled livers 
from 35 infectious and 35 non-infectious cases. Details as to the nature of the 
cases selected were not given. 

Diseases of the urinary system. (Subacute nephritis 75, prostate diseases 40, 
chronic nephritis 25, kidney and bladder infections 19.) In this group the lowest 
ranges of reserves encountered in the present work were observed. Unfortunately 
only small groups of cases of subacute nephritis and kidney and bladder in- 
fections were collected, but the data on prostate diseases and chronic nephritis 
were obtained on groups of 23 and 48 cases respectively. The degree of sub- 
normality observed in chronic nephritis, in which the cases were almost all of 
the interstitial, azotaemic type, may be realized from the calculations that the 
median reserve should suffice for some 3 weeks, as opposed to the 6 months in 
the healthy subject. For the lowest third of cases the mean reserve should be 
sufficient for only 4 days.” 

In regard to chronic nephritis the authenticity of the low reserves seems to 
be beyond question. Wolff found a low mean for a large group of kidney disease 


1 Wolff’s results for this group afford a striking example of the susceptibility of the mean to 
undue influence by the inclusion of cases having unusually high values. For 23 cases the mean 
was 196-2. When one case having a value of 2112 was omitted the mean for the remaining 22 cases 
fell to 109-2. 

2 A brief report on the low vitamin A reserves found in kidney diseases has already appeared 
[Moore, 1934]. 
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cases (mostly chronic nephritis). Aschoff [1934] has also reported depleted 
reserves in chronic nephritis. In uraemia Breusch & Scalabrino [1934] found 
negative reserves in 3 out of 4 cases,! while low values in 7 cases of this condition 
were also reported by Kerppola [1931]. On the other hand, Wolff observed a 
high mean for 8 cases of prostate hypertrophy. It may be noted that at least 
14 out of the 23 prostate cases examined in the present work were septic. 
Diseases involving liver degeneration. Both Wolff and Breusch & Scalabrino 
have reported that low, and often zero, vitamin A reserves are frequently 
observed in cirrhosis of the liver. The number of cases of this disease examined in 
the present work was insufficient to justify the inclusion of a separate group in 
Table I, but the individual results may be quoted as affording support to the 
conclusions of the above workers. In 7 cases in which cirrhosis of the liver was 
the main lesion values of 0, 3, 6, 6 (child), 90, 375 and 525 were observed. In 
2 cases of syphilitic aortitis involving cirrhosis of the liver values were 0 and 6. 
These results suggest that in cirrhosis the vitamin A reserve often falls to vanish- 
ing point, although «in other cases, possibly of different aetiology, substantial 
reserves may be observed. The two instances of low reserves in syphilitic cir- 
rhosis are of interest in view of Wolff’s observation of a very low mean for 
tertiary and quaternary syphilis. In the present work the syphilitic group as a 
whole, which included cases of aneurisms of presumably syphilitic origin, gave 
a median (95) not significantly different from the ordinary disease level. 





The significance of low vitamin A reserves 


From the above evidence it is apparent that low vitamin A reserves occur 
frequently in a number of quite common diseases. As already emphasized the 
significance of this finding is open to question. On the one hand, it may be 
argued that since vitamin A reserves are lowered in almost all diseases the extent 
of the subnormality will depend merely on the duration and severity of the 
disease. Thus chronic nephritis and valvular disease of the heart, in which low 
reserves are observed, are diseases which run a very long course and in which 
there is marked dyspepsia. In support of this view Wolff has found the mean 
reserve for a large group of cases of various chronic diseases to be slightly lower 
than the mean for a group of acute diseases. 

Approaching the problem from a slightly different angle it appears certain’ 
that in some diseases the power of the liver to store vitamin A must be impaired. 
Thus the low reserves found in some cases of cirrhosis of the liver, and particularly 
in syphilitic cirrhosis, appear to be an effect, and not a cause, of the liver injury. 
Similarly in the chronic venous congestion caused by mitral stenosis low values 
might be expected, both on account of the impairment of the functions of the 
liver and the reductions of the amount of actual liver tissue per g. of the organ 
on account of its engorgement with blood. Moreover, Green [1932] has reported 
instances of puerperal cases, treated unsuccessfully with large doses of vitamin A 
concentrate, which showed only meagre stores of the vitamin in the liver at 
autopsy. On the basis of this evidence one might be tempted to assume that the 
explanation of low reserves observed in all diseases not recognized as being 


1 These workers have suggested, apparently without putting the matter to direct test, that 
their negative results in uraemia may have been due to the presence of a substance inhibiting 
the antimony trichloride reaction rather than to the absence of this vitamin. The present author 
was unable to confirm this view in the case of a liver specimen taken from a subject dying from 
nephritis and having a very low vitamin A reserve. No inhibitory action was observed when the 
extract was added to a solution of vitamin A concentrate from an external source. 
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specifically due to vitamin A deficiency might lie in the reduced power of the 
liver to absorb the vitamin, or to effect its synthesis from carotene. It may be 
mentioned, in support of this latter explanation in the case of chronic nephritis, 
that the extracts from many of the specimens were deeply yellow in colour, 
suggesting a preponderance of unconverted carotene. 

On the other hand, it may be mentioned in favour of the aetiological signifi- 
cance of low vitamin A reserves, that many of the diseases showing low reserves 
are also among the most common terminations to experimental vitamin A 
deficiency in animals. No one would suggest that all cases of pneumonia, sepsis, 
kidney disease etc. are due to vitamin A deficiency, and this self-evident con- 
clusion is confirmed by the observation of cases with adequate reserves even in 
those groups giving the lowest median values. The question to be answered, 
however, is not whether all cases of these diseases are due to vitamin A deficiency, 
but whether in a significant proportion of cases (e.g. even 5-10%) vitamin A 
deficiency, or the general nutritional subnormality which it may imply, is a 
contributory cause of the disease. No solution of this difficult problem can be 
reached at the present stage of research. 


SUMMARY 


1. Vitamin A has been determined by the antimony trichloride method in 
about 1000 specimens of adult human liver obtained at autopsy. The results 
have been arranged in groups according to the cause of death. 

2. Since the individual vitamin A reserve varies over a wide range both in 
health and disease, conclusions cannot be drawn from individual cases. The 
ordinary method of taking the mean for groups is also open to objection. The 
results for the cases of each group have therefore been arranged in order of 
ascending vitamin A reserves, and the “median” value for the group calculated 
by taking the mean for the middle third of cases. 

3. The median value for 40 cases of accidental death in subjects between 15 
and 59 years of age, dying within 7 days of injury, was 220 I.U. per g. of wet 
liver. This value may be taken as a “typical” value for the healthy adult of this 
country. The value for 73 cases of accident of all ages, and dying at any time 
after injury, was 150 1.U. per g. 

4. In almost all diseases the vitamin A median was lower than in accidental 
death. For the purpose of distinguishing those diseases showing outstandingly 
low reserves the median of the cancer group (110 1.v. per g.), and not the accident 
median, has been taken as a basis of comparison. The following were the results 
obtained (all data refer to cases between the age limits 15-59 years): 

Diseases with vitamin A reserves at autopsy above the health level. Thyroid 
diseases (all types, 9 cases only, median 310 1.U. per g.). Diabetes (300). 

Vitamin A reserves slightly below the health level. Poisoning (170). Hernia 
(160). 

Vitamin A reserves at the “ordinary disease level” (within 20% variation from 
the cancer median). Diseases of blood generation (130). Cerebral haemorrhage, 
high blood pressure (120). Cancer (110). Appendicitis (110). Gall bladder diseases 
(110). Nerve and spine diseases (110). Gastric and duodenal ulceration (110). 
Coronary disease (100). Tuberculosis (96). Diseases of women (96). Syphilitic 
diseases (95). Septic endocarditis (90). Thrombosis and embolism (89). 

Vitamin A reserves below the ‘‘ordinary disease level”. Bronchiectasis and 
chronic bronchitis (80). Subacute nephritis (75). Peritonitis (75). Enteritis and 
colitis (74). Head and spine infections (73). Pneumonia (63). Empyema (60). 
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Valvular diseases of the heart (60). Septic diseases (51). Prostate diseases (40). 
Chronic nephritis (25). Kidney and bladder infections (19). Cirrhosis of liver 
(insufficient cases for calculation of median). 

5. The interpretation of these results is complicated by the difficulty of 
deciding in any given disease whether low vitamin A reserves, or the general 
nutritional subnormality which they might imply, are a factor of aetiological 
significance or merely a secondary effect of the disease. It is clear that in some 
diseases the power of the organism to absorb the vitamin is impaired. On the 
other hand, it is noteworthy that many of the diseases showing low reserves in 
the human being are also frequent terminations to experimental vitamin A 


deficiency in the animal. 
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A PRECEDING paper by one of us [Moore, 1937] deals with the vitamin A reserves 
of the human adult in health and disease. In attacking the same problem in 
regard to the infant and child it is necessary to face the complication that the 
reserves at birth are usually of a very low order. Not only, therefore, will the 
typical reserve in health increase with age, but it will be impossible, until we 
have knowledge of the rate of increase of the reserve, to decide whether low 
reserves are to be correlated with disease or merely with early age. Moreover, 
even when infancy is passed, and the reserves have reached a more or less static 
level, the requirements of the child for purposes of growth may well cause a 
relatively greater rate of expenditure than in the adult. The ntabolic rate is 
also much greater than in later life. Data obtained on adults and children may 
not therefore be strictly comparable. 

For these reasons it was thought undesirable to include results on infants 
and children in the preceding communication. A considerable bulk of such data 
was, however, collected in the course of this work, while in addition joint experi- 
ments were undertaken by both of us upon children dying from various infectious 
diseases (mostly measles) at the Grove Fever Hospital. The present paper has 
been based on the combined data so obtained. 


EXPERIMENTAL 


The experimental technique and method of calculation of results were exactly 
as described in the previous paper. 

Increase of the vitamin A reserve with age. In an ideally planned experiment 
the increase of the vitamin A reserve with age would obviously be studied in 
cases of accidental death. Cases of accidental death in infants are, however, rather 
infrequent, and the accumulation of the necessary data would require either a 
very long time for collection or the collaboration of a very large number of 
hospitals. In the present work the data collected on accident cases alone were 
quite inadequate for this purpose. For reasons of expediency rather than per- 
fection, therefore, the increase with age has been studied in cases dying from all 
causes. It is to be expected that the rate of increase should be reliably established 
in this way, although the values obtained at various ages might be expected to 
fall below the health level. 

The results obtained on 106 cases under 3 years of age are shown in Table I. 
It will be seen that the vitamin A reserves were low during the first 3 months of 
life. In the 4-8 months’ group there was a marked increase. The reserves from 
9 months to 3 years were of the same order. 

( 165 ) 
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Table I 






Vitamin A reserve I.U. per g. 










No. of 
Age group cases L. M. H. Mean 
0-4 weeks 11 1 17 67 27 
5 weeks-3 months 21 4 14 93 37 
4-8 months 18 54 100 230 130 
9-18 months 37 24 73 210 100 
19 months-3 years - 19 45 99 312 150 











The vitamin A reserve in health. Acting on the basis of the above information 
it was decided to omit all cases under 4 months of age from calculations of 
reserves in health or disease, and to combine all cases between 4 months and 
14 years in single groups. Table II gives the results obtained for 12 cases of 











Table II. Accidental death 


Vitamin A reserve 










1.U. per g. 
No. Mean 
cases Details Age group age L. M. H. Mean 
12 Death within 7daysof 4 months—1l4 years 5% 31 130 230 130 
accident 





18 Above with 6 additional 4 months—14 years Sf; 46 130 240 140 
cases (see text) 











accidental injury resulting in death within 7 days. In view of the small number 
of cases available, calculations are also shown when six additional cases not 
strictly satisfying these conditions are introduced. The additional cases included 
one case of death 14 days after burns, one case dying 17 days after scalding, two 
cases of poisoning and two of sudden death in otherwise healthy boys from 
haemorrhage resulting from arterial abnormalities. The introduction of the 
additional data does not affect the median value (130 I.U. per g.). 

The vitamin A reserve in disease. The results obtained in those diseases for 
which sufficient cases were available to form groups are given in Table III. In 













Table III. Diseases 
Vitamin A reserve I.U. per g. 


H. 






M. Mean 





No. of cases 







Other infections 18 77% iil 47 160 71 

Head infections 33 418 24 68 250 110 

Ta 25 44, 32 140 400 200 

Measles et sequelae* 16 1s; 28 110 360 160 

Respiratory diseases 18 4% 23 78 305 140 
(pneumonia) 





4% 20 76 280 120 





(with bronchitis 
and empyema) 
Heart disease 9 95% 2 15 


* Not including the treated cases given in Table V. 
+ Including the 18 cases of pneumonia. 








67 28 










Table IV individual values are given for cases dying from more or less rare 
diseases. The data in this table are admittedly of little significance without 
support, but are placed on record in the hope that they may prove of some value 
to other workers in the field. 
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Table IV Vitamin A 
reserve 
1.U. per g. 
300 


R 
® 
n“ 


Disease 
Exophthalmic goitre 
Congenital syphilis 
Diabetes 
Renal rickets 
Infantile hemiplegia 
Acute poliomyelitis 
Acute leucaemia 
Myelogenous leucaemia 
Acute lymphatic leucaemia 
Lymphoid hyperplasia 
Erythema multiform 
Purpura : 
Pink disease 


5 
380 
0 
150 
2 380 
10 180 
14 180 
12 15 
2 75 
Ls 180 
12 30 
Ls 15 
9 1s 380 
Pyelitis (uric acid infarcts) is 50 
Acute cystitis 575 150 
Notes on Table IV. The high values found in cases of exophthalmic goitre and diabetes are in 
agreement with results for adults. The value in the case of acute cystitis is much above the adult 
median for urinary infections. 
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The efficiency of absorption of therapeutic doses of vitamin A concentrate by 
fever patients. Table V gives the reserves found at autopsy in the livers of infants 
suffering from measles or pertussis, who had been unsuccessfully treated by 


Table V. Storage of vitamin A administered in treatment of infants 
suffering from acute infectious diseases 
Durationof Total VitaminA 
vitamin A amount of reserve Maximum 


therapy vitamin per g. Total storage 
Disease days given I.U. liver reserve % 


Measles. Bronchopneumonia. 10 140,000 30 9,000 6 
Acute laryngitis 

Measles. Bronchopneumonia. 6 84,000 16,000 
Otitis media ‘ 

Pertussis. Bronchopneumonia. 16 230,000 y 17,000 
Convulsions 

Measles. Bronchopneumonia. 4 29,000 i 19,000 
Marasmus 

Measles. Bronchopneumonia 140,000 23,000 
Measles. Bronchopneumonia 130,000 1 45,000 
Pertussis. Measles. Broncho- 130,000 3 93,000 
pneumonia 

Measles. Bronchopneumonia 58,000 380 124,000 


Measles. Scarlet fever. Mas- 21 150,000 380 130,000 85 
toiditis. Bronchopneumonia 


40 Q 40° 40 


+0 +0 


vitamin A therapy. The vitamin A was given in the form of the concentrate 
“‘adexolin”, and was kindly provided by Messrs Joseph Nathan and Co. Ltd. 
In calculating the total reserve of the liver the weight of this organ has been 
estimated from a curve based on representative weights at different ages. 


Discussion 
The vitamin A reserves of the new-born infant. The work of Wolff [1932] and 


of Toverud & Ender [1935], who used the colorimetric method of assay, and of 
Debré & Busson [1933, 1] using the biological method, makes it clear that in the 
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human being just as in all lower animals so far investigated, the vitamin A reserve 
at birth is usually much lower than in the adult. As in the adult considerable 
individual variation is found, but results obtained in different laboratories on 
groups of cases appear to be in close agreement! (Table VI). Since the number 
of specimens from new-born infants examined in the present work was insufficient 
for forming a separate group, data on infants dying within a few weeks after 
birth have been given for purposes of comparison. 













Table VI. Vitamin A reserves of new-born infants 














Mean 
vitamin A 
reserve 
No. of cases (I.U. per g.) 
Wolff [1932] (Amsterdam) 24 (full term) 44 
18 (premature) 41 
Toverud & Ender [1935] (Oslo) 50 (full term) 39 
47 (premature) 65 
Ellison & Moore (1937) 11 (0-4 weeks) 27 
21 (5-12 weeks) 37 
Moore [1937] 40 (adults, 15-59 years) 290 










The increase of the vitamin A reserve with age. Our finding of a sharp rise 
between the 5 weeks-3 months group (median 14) and the 4-8 months group 
(median 100) is of interest in suggesting that the reserve reaches a more or less 
static level during what would be, under normal circumstances, the later stages 
of lactation. Since the nutritional history of individual cases was seldom avail- 
able we cannot exclude the possibility that in some cases the increase in reserves 
may have been partly due to the use of cod liver oil, or other rich sources of 
the vitamin. It seems reasonable to assume, however, that in most cases the 
diet was human milk, cow’s milk or proprietary foods not exceeding cow’s milk 
in their vitamin A content. Assuming a diet of whole cow’s milk, we may draw 
up the following rough comparison. (The vitamin A content of butter fat is 
taken at 30 1.U. per g., a value intermediate between the summer and winter 


















levels.) 
Vitamin A ingested Vitamin A stored 
Mean consumption = 30 oz. of cow’s milk per day = 34 g. Weight of liver at 200 days =220 g. 
of butter fat per day = 1020 1.v. per day of vitamin A Median reserve = 100 I.U. per g. 
Total vitamin ingested in 200 days = 204,000 1.v. Total reserve = 22,000 I.v. 







If we take the vitamin A expenditure in the infant as similar to that in the 
rat, weight for weight, we may very roughly estimate that the daily requirement 
of a baby of 11 Ib. is 500 1.v. per day. For 200 days therefore the requirement 
should be 100,000 1.v. It is clear, therefore, that the difference between the 
amount of vitamin ingested (200,000 1.v.) and the amount required (100,000 1.U.) 
may be sufficient to account for the accumulation of reserves of the magnitude 
actually observed. This point is of interest because milk cannot be regarded as 
a rich source of vitamin A. In the infant, however, it is the principal, and often 
the sole, component of the diet, and the dilution of the vitamin may be com- 
pensated by the large amounts ingested. 

The drain of lactation on the maternal reserve. Debré & Busson [1933, 2], using 
a biological method of assay, found human milk to be slightly inferior to cow’s 
milk in vitamin A content. Eekelen & Haas [1934], using colorimetric methods, 

1 The results of Toverud & Ender have been adjusted to make allowance for their use of a blue 
unit of different magnitude from that of the other workers. 
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found the vitamin A and carotene contents of milk from both sources to be 
very similar. Assuming the correctness of the latter finding, and making no 
allowance for the increased vitamin A content of the colostrum, we may calculate 
the total vitamin secreted during 9 months of lactation as 300,000 1.v. If the 
mother were placed on a diet deficient in vitamin A, and the liver reserve were 
used for purposes of lactation, the total excretion would represent about 200 L.v. 
per g. of liver, an amount approximating closely the whole typical reserve. The 
importance of an adequate supply of vitamin to the mother is obvious, and 
appears quite as essential as the additional supply of vitamin to the child at 
weaning advocated by Dann [1932]. 

The vitamin A reserves in health (Table II). The median reserve (130 L.v. 
per g.) found for cases of accidental death in children between the ages of 
4 months and 14 years was lower than the value for adults (220). In view of the 
small number of child cases available, complete confidence cannot be placed in 
the general applicability of this result. A lower reserve in childhood might 
possibly result from a greater expenditure of the vitamin for purposes of growth. 
It must not be forgotten however that in the child the liver represents a greater 
fraction of the total body weight than in the adult. The reserves in the child per 
kg. of body weight must therefore be relatively greater than the values expressed 
in units per g. of liver would indicate. 

The vitamin A reserves in disease (Table III). In those diseases where groups 
of cases were collected the median reserves per g. were generally no lower than 
for adults. Since, as stated above, the median value in health was lower than in 
adults the disparity between the values in health and disease in children was 
correspondingly less pronounced, although still considerable. Otherwise there 
was good general agreement between the results for adults and children. Of the 
diseases for which data were available for both adults and children tuberculosis 
in each case showed the highest vitamin A reserve, although in children the 
median (140) was much higher than in adults (96). This finding may possibly be 
ascribed to a greater use of cod liver oil therapy in children. Pneumonia gave 
medians of the same order in both age groups (children 78, adults 63). The two 
septic disease groups, head infections (children 68, adults 73) and septic diseases 
(children 47, adults 51) gave virtually identical values. In valvular diseases of 
the heart low reserves were observed in both age groups, but the median in 
children (15) was much lower than in adults (60). This result is of interest in 
view of the suggestion [Rinehart & Mettier, 1933; 1934; Rinehart, 1935; Stimson 
et al. 1934] that rheumatic disease in children may be related to vitamin C 
deficiency.1 As pointed out in the preceding paper [Moore, 1937] a diet low in 
vitamin A would probably be deficient in other factors, including vitamin C. 

The substantial agreement between the results obtained in adults and children 
must increase confidence in the conclusion that the median values obtained, 
although admittedly at the mercy of chance “‘runs”’ of low or high values, are in 
practice of genuine significance. 

The vitamin A reserves in measles. The median reserve in measles (110) was 
only slightly below the health level. Similar results were observed in the few 
cases of pertussis examined (individual values 60, 90, 140). These results are in 
contrast with those observed in head infections and septic diseases. Judging 
from these results it appears that low vitamin A reserves are frequent in “septic” 
diseases but not in “acute infectious diseases ’’. The observation of comparatively 


1 Abbasy et al. [1936] have recently shown that low vitamin C reserves, as measured by urinary 
excretion, are found in children suffering, or convalescent from, rheumatic disease. 
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high reserves in measles is difficult to reconcile with the finding of one of us 
[Ellison, 1932] that vitamin A therapy had a favourable influence on the survival 
rate. A solution of the problem may well be deferred until more is known of the 
beneficial effects, if any, of the possession of a vitamin A reserve greater than 
the bare minimum supposed to be necessary to satisfy immediate require- 
ments. 

Efficiency of absorption of vitamin A. The results shown in Table V indicate 
that the efficiency of storage of vitamin A concentrate may be very low. Even 
if we assume that the liver reserves at the commencement of dosing were entirely 
negative, and that the reserves observed at autopsy were accumulated exclusively 
during dosing, the maximum possible storage so calculated was in some cases 
very low (6%). A better assessment of the probable amount of vitamin actually 
stored by the whole group may be based on a calculation of the difference 
between the mean observed in the treated group (170) and the mean observed 
in a similar group of 17 non-treated cases (140). On this basis we find that a total 
administration of 1,100,000 units of vitamin A caused a mean increase of 
30 units per g. in 2600 g. of liver (78,000 units in all), giving a percentage storage 
of 7. The smallness of the difference in the mean values, and the small number 
of cases available make the reliability of this calculation very questionable, but 
at any rate it is clear that the percentage storage is low. This result is in agree- 
ment with the observations of Green [1932] on cases of puerperal septicaemia. 
That the percentage of storage may be low even in health may be inferred from 
the results of animal experiments. Thus Davies & Moore [1934] found that when 
young rats were given large doses of vitamin A the proportion stored was 
generally only about 15%. 


SUMMARY 


1. Vitamin A was estimated in livers of about 200 children under 15 years of 
age dying by accident or from disease. 

2. The variation of the vitamin A reserves with age was studied by com- 
bining cases dying from all causes. In confirmation of previous workers the 
vitamin A reserves were found to be very low in young infants (0-4 weeks, 
median 17 1.U. per g.; 5 weeks—3 months, median 14). After the first 4 months 
the reserves rose to a much higher level (4-8 months, median 100; 9-18 months, 
median 73; 19 months-3 years, median 99). Calculations show that a diet of 
cows’ milk, and probably also human milk, should contain sufficient amounts of 
vitamin to permit the accumulation of reserves of the order of magnitude 
observed. 

If a mother having a vitamin A reserve equal to the typical value found in 
health were restricted during lactation to a diet deficient in vitamin A the total 
secretion, if maintained at the normal rate, would represent almost the whole 
liver reserve. 

3. The median value for a group of 12 healthy children dying by accident 
between the ages of 4 months and 14 years was 130 1.v. per g. of wet liver. This 
value is lower than in the healthy adult. The relatively greater size of the child’s 
liver must however be taken into account in comparing total reserves. 

4. The vitamin A reserves in disease were as follows. High reserves: tuber- 
culosis (median 140). Moderate reserves: measles et sequelae (110). Low reserves: 
pneumonia (78), head infections (68), septic diseases (47), heart diseases (15). In 
those diseases for which data on adults are also available the general agreement 
with the above results is good, and particularly so in the septic diseases. Low 
reserves were not found in acute infectious diseases. 
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5. A comparison of the reserves found at autopsy in 9 cases of measles treated 
with vitamin A concentrate with those found in a group of similar untreated 
cases indicates that the percentage of the vitamin ingested which is stored in the 
liver may sometimes be very low. 


Our thanks are due to Dr L. J. Harris for his valuable criticism. 
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Tue ability of the animal to store vitamin A has been inferred by many workers, 
from the early days of vitamin research, in order to account for the different 
survival periods of animals bred or reared on diets containing different amounts 
of the vitamin when subsequently restricted to a diet deficient in the vitamin. 
More recently the discovery of colorimetric [Rosenheim & Drummond, 1925; 
Carr & Price, 1926] and spectroscopic [Takahashi et al. 1925; Morton & Heilbron, 
1928] tests for the vitamin has permitted direct confirmation of the presence of 
the vitamin, often in very high concentration, in the livers of animals which 
have received either vitamin A or carotene [Moore, 1930]. 

Opinion is more divided, however, as to the quantitative extent to which 
the reserve of vitamin A may influence the behaviour of the animal, and particu- 
larly the experimental rat, when given a diet deficient in the vitamin. Thus 
Richards & Simpson [1934] have suggested that “the theory of the animal’s 
capacity to store reserves of vitamin A rests on a somewhat insecure experimental 
foundation”’, and that the ‘“‘theory of the reserve stores and the practice of 
breeding so as to reduce these reserves in experimental animals seems to require 
further examination”’’. Orr & Richards [1934] are of the opinion that “the 
animal’s capacity for storing reserves of vitamin A is much less than is generally 
supposed, and that the preliminary or depletion period during which it is assumed 
to be using up these reserves, is in reality the time taken for the outward 
manifestation of symptoms of disease which may be already far advanced”’. 

The work of Guilbert & Hinshaw [1934] on chickens and turkeys has proved 
that there is a close correlation between the liver reserves, as measured by the 
antimony trichloride reaction, and the time of survival of pen-mates when 
restricted to a diet deficient in the vitamin. Moreover, both in these animals 
and in cattle [Guilbert & Hart, 1934] the vitamin A reserves in individuals killed 
after varying periods on a deficient diet become gradually smaller. The evidence 
in the case of the rat is less straightforward. Baumann et al. [1934] have certainly 
shown that rats given single doses of halibut liver oil may survive for prolonged 
periods, increasing with the amount of the oil given, on a diet deficient in vitamin 
A, and that progressive falls in the liver reserve may be observed in rats kept 
on the deficient diets for increasing periods. Much other work, however, seems 
to have been directed towards the establishment of exceptions rather than the 
general rule. Thus in experiments by Dann [1932] on young rats which had 
acquired low vitamin A reserves (0-45 1.v.) during suckling, no simple relation- 
ship could be traced between the extent of the reserve and survival period upon 
a deficient diet. Baumann et al. also noted that in young rats the survival period 
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was longer than could be predicted from the extent of the vitamin A store alone. 
They even observed prolonged growth in the apparent absence of stored or 
dietary vitamin A. It is therefore clear that the extent of the vitamin A reserve 
is not the sole factor in determining the time of survival. 

Work by ourselves [Davies & Moore, 1935] has pointed to another apparent 
inconsistency in the economy of the vitamin. Very high reserves, sufficient to 
support the supposed requirements of the animal for a theoretical period of 
about a century, may be accumulated by adult rats when given diets rich in the 
vitamin. The rate of dissipation of these reserves, however, may sometimes be 
much greater than the apparent physiological requirements seem to demand, 
actually amounting in the experiment reported to a loss of 98% of the total 
reserves within 3 months. 

The results obtained in the present work fill a gap in our knowledge by showing 
that a moderately large reserve of vitamin A, such as may be accumulated by a 
young rat if allowed access to a diet rich in the vitamin for a short period at the 
end of lactation, may be sufficient to increase the depletion period from a few 
weeks to several months. Further proof is thus afforded of the necessity of keeping 
down the vitamin A reserves of the young rat if satisfactory vitamin A deter- 
minations are to be carried out. 


EXPERIMENTAL 


At the time of the experiment two breeds of rats were available in this 
laboratory. (1) A piebald strain, used for general work, and bred and reared 
on a diet of bread, milk, wheat, corn, marmite, carrots, greenstuffs and liver. 
This diet, designed to ensure maximum strength and fertility, is extremely rich 
in sources of carotene and vitamin A and leads, in the adult rat, to very high 
liver reserves of this vitamin. (2) A Wistar albino strain receiving a diet of maize 
meal, whole wheat meal, skimmed milk powder, dried yeast, wheat germ, 
calcium phosphate and salt mixture, with whole milk during lactation. These 
rats were kept for experiments on vitamins A and D, and both the mothers and 
young had very low reserves of the former vitamin. 

Groups of young rats of ages 5-7 weeks, and of about the same initial weights, 
were taken from each breeding group at a time which afforded a period of 2-4 
weeks during which they were able to eat the maternal diet for themselves. 
Some were killed at once and the vitamin A reserves determined by the antimony 
trichloride method. The total liver reserves of four members of group I were 
1650, 2250, 2250 and 3000 1.U., mean 2290 1.v. Three members of group IT gave 
values of 25, 25 and 30 1.U., mean 27 1.U.! The remaining rats of each group 
were given a diet deficient in vitamin A of the following composition: extracted 
Glaxo caseinogen 20%; rice starch 30%; cane sugar 30%; arachis oil 15%; 
salt mixture 5%+dried yeast 10%; radiostol (vitamin D) 1 drop per rat per 
week. The rate of exhaustion of the vitamin A reserves in each group was 
examined by means of weight increase curves and by killing groups of three 
animals at intervals for estimation of the liver reserves by the antimony tri- 
chloride method. The results obtained are given in Fig. 1. 

In group I, except in the case of certain individuals which will be mentioned 
below, growth was continued for about 150 days. The livers of animals killed 
before this point gave positive results in the antimony trichloride test (42 days, 
mean total reserve 540 1.U., 84 days, mean 275), but at 175 days, when serious 


1 Blue units as determined in the antimony trichloride reaction have been converted into 
international units (I.v.) by multiplying by 0-6 [Moore, 1937]. 
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weight declines had occurred in two out of the three rats killed, uniformly negative 
results were obtained. The surviving three rats were each given one drop of 
halibut liver oil daily. In two instances slight increases in weight were observed, 
and were maintained over a period of 59 days. The third rat declined in weight, 
and was killed in moribund condition after receiving the halibut liver oil for 
50 days. Strongly positive colour reactions were observed in the livers of all 
three rats which had received halibut liver oil (mean total reserve 8000 I.U.). 
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Fig. 1. The effect of a substantial vitamin A reserve in increasing the depletion period in rats 
restricted to a diet deficient in vitamin A. 











In group II the rats reacted as would be expected in a well-planned experi- 
ment for the estimation of the vitamin, growth ceasing in most instances after 
a period of about 5 weeks. The livers of rats killed after 35 or 41 days all gave 
negative colour tests. Two rats were each given a single dose of 4 drops of halibut 
liver oil, which caused a sharp resumption of weight increase. On killing strongly 
positive liver reactions were observed. 

Instances of abnormal behaviour in group I. The weight increases shown by 
most animals in this group, together with the results of the antimony trichloride 
tests at autopsy, indicate clearly that the vitamin A reserves were not exhausted 
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until about 150 days on the deficient diet had elapsed. Nevertheless five out of 
the original sixteen members of this group (excluding those killed to determine 
the initial vitamin A reserves) died after various intervals within this period. 
Colorimetric estimations of the liver reserves were carried out in 4 cases, with 
positive results. In those cases in which post mortem examinations were carried 
out death appeared to be due to intestinal stoppage. A similar condition, with 
a septic focus, was found to be the cause of the failure of rat 14 (Fig. 1) to respond 
when dosed with halibut liver oil. A list of the animals showing abnormal 
behaviour is given in Table I (p. 176). 

The breeding of rats for use in vitamin A determinations. The work of Dann 
[1932, etc.] in this laboratory has shown that only small amounts of vitamin A 
are transferred from the mother rat to her young during pregnancy and lactation, 
even when the diet is extremely rich in this factor. We have recently applied 
this principle to the breeding of rats suitable for use in vitamin A tests with 
satisfactory results. The procedure adopted has been to give the mother a diet 
rich in vitamin A, in practice the same diet as given to our piebald rats, until 
the birth of the litter. A diet low in vitamin A (e.g. light white caseinogen 25%, 
starch 50%, arachis oil 20%, salts 5° +dried yeast 15%, radiostol (vitamin D) 
6 drops per week) is then given to the mother during lactation and to the young 
at weaning. 

When subsequently restricted to a diet completely deficient in the vitamin, 
young rats bred under these conditions invariably cease to gain weight after 
3-4 weeks, and death usually follows rapidly if a source of the vitamin is not 
promptly administered. The scheme possesses two advantages over that adopted 
for the breeding of the rats of Group II in the present work. (1) The health of 
the mother is not impaired by constant restriction to an inferior diet. (2) It is 
not necessary to keep a separate colony of rats for the breeding of animals to be 
used in vitamin A tests. 


Discussion 


The reality of the vitamin A reserve. When the weight increase curves obtained 
in the above experiments are studied in conjunction with the results of the colour 
tests applied at autopsy little room is left for doubting either the reality of the 
vitamin A reserve or its influence in determining the time of survival during 
restriction to a diet deficient in the vitamin. Two criticisms might however be 
directed against the conclusiveness of the present experiments. In the first place 
it might be argued that the difference in the depletion periods might be due to 
the use of piebald rats in group I and of albino rats in group II. Our own ex- 
perience, however, suggests that this explanation is incorrect, since piebald rats 
show depletion periods of the ordinary length when precautions against the 
accumulation of high reserves have been taken. Secondly it might be argued 
that the shorter depletion period in group II was related not to the smaller 
vitamin A reserves in this group, but to a diminution of the general health and 
vitality as the result of a breeding diet generally inferior to that in the other 
group. In our experience there is some justification for the criticism of Richards 
and Simpson [1934] that the use of breeding diets calculated to restrict the 
vitamin A reserves may sometimes lead to general weakness in the young animal. 
Since however the administration of vitamin A to depleted animals in group IT 
caused rapid increases in weight, this explanation cannot hold good in regard 
to the present work. 

Whilst it is plain that the vitamin A reserve, as determined colorimetrically 
in the liver, is of fundamental importance in determining the length of the 
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depletion period, it must be emphasized that no direct proportionality between 
the vitamin A reserve and time of survival can be deduced. Dann [1932] and 
Baumann et al. [1934] have shown that rats having no measurable reserves may 
survive for considerable periods. It seems probable that, in addition to the time 
necessary for the dispersion of the vitamin A reserve, the rat can exist for some 
time on vitamin A present in the tissues either at a concentration too low to be 
detected by the antimony trichloride reaction as usually applied, or in some form 
which does not give this reaction. This period is probably succeeded by the stage 
during which, as Orr and Richards suggest, the characteristic lesions due to the 
deficiency are in process of development. As a result we may expect the total 
time of survival to be made up of a variable period during which the measurable 
reserve is exhausted, and of another period during which life is sustained in the 
absence of any measurable reserve. Even if no other complicating factors had 
to be considered the existence of the latter period would rule out the possibility 
of a linear relation between the liver reserve and the time of survival. 
Abnormal behaviour in certain rats during depletion of the vitamin A reserves. 
Whilst the behaviour of most of the rats in group I was consistent with their 
having high reserves of vitamin A, the cases of abnormal behaviour given in 
Table I are of interest as instances of death occurring before the exhaustion of 


Table I. Rats in group I showing abnormal behaviour 


Period of 
Body weight survivalon Total 
= F deficient vit. A 
No. of Init. Max. _ Final diet reserve 
rat g. days 1.U. Autopsy findings 
17 63 _- = 4 900 Swollen intestine 
18 56 58 58 16 120 
19 72 98 74 26 _- —_— 
7 55 79 79 42 190 Swollen intestine 
20 55 84 74 114 190 Volvulus of intestines. Swelling 
noticed at 56 days 
14 78 247 160 224 7500 Intestinal stoppage with sepsis 


N.B. The weight increase curves of rats 7 and 14 will be found in Fig. 1. For simplicity the 
curves of rats 17, 18, 19 and 20 have been omitted. 


the reserves. In two cases (rats 17 and 18) death occurred shortly after starting 
on the basal diet. In neither instance was there any initial weight increase, as 
observed in animals reacting normally, and even without an examination of the 
liver reserves one would not have hesitated in ascribing the cause of death to 
individual failure in adaptation to subsistence on the basal diet. With rats 19, 
7 and 20, however, which died after receiving the basal diet for 26, 42 and 114 
days, respectively, the case is different. All these rats showed some initial growth, 
and if colorimetric determinations of the liver reserves at autopsy had not been 
carried out death might reasonably have been attributed to vitamin A deficiency, 
following in the usual course of events on the exhaustion of the reserves. Since 
adequate reserves of vitamin A were found to be present we must conclude either 
that death occurred through some cause other than vitamin A deficiency, or that 
the reserves present in the liver were for some reason not available for meta- 
bolism. This second alternative has been suggested by Mellanby [1934] as a 
possible explanation of the presence of substantial reserves in human subjects 
dying from diseases in which low reserves might have been expected. From the 
results at autopsy it appears that the immediate cause of death, in at least two 
cases, was intestinal lesions. In rat 16 an abdominal swelling was noticeable for 
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several weeks before death. An intestinal stoppage with sepsis also accounted 
for the continued decline of rat 14 which failed to respond to a very high dosage 
of halibut liver oil. Since a high vitamin A reserve was found at autopsy there 
can be no doubt as to the efficient absorption of the vitamin. 

These results support the assertion of Richards & Simpson [1934], that the 
occurrence of incurable lesions may lead to inaccurate results in routine determi- 
nations of vitamin A. It appears indeed that such lesions may occur not only 
in authentic vitamin A deficiency, but also occasionally when adequate reserves 
of the vitamin are still present. This inherent defect appears to present a barrier 
against the refinement of the curative procedure to any high degree of accuracy. 
In the absence of positive evidence, however, it is doubtful whether the prophy- 
lactic procedure advocated as an ideal by Richards & Simpson could be made to 
give better results. In adopting a prophylactic method the worker would have 
to contend not only with careful standardization of the initial reserve of vitamin, 
but with the exact definition of the “first class condition” which Richards & 
Simpson suggest as a criterion of vitamin A sufficiency. Under these circum- 
stances the curative procedure appears for the present to be the only reliable 
method for the biological estimation of the vitamin. It seems advisable, however, 
to do everything possible to minimize inaccuracies caused by animals sustaining 
lesions so serious as to interfere with their growth responses. This could be 
effected (a) by avoiding any undue delay in dosing, and (b) by performing 
autopsies on animals showing weight increases abnormally low for their groups, 
with a view to their exclusion from the calculation of the mean response in the 
event of severe lesions being found. 


SUMMARY 


1. Two groups of young rats were taken at a point when they had been 
eating for themselves for a few weeks. Members of each group were killed and 
the vitamin A reserves of their livers determined by the antimony trichloride 
method. In agreement with the composition of the two diets used during breeding 
low reserves were found in one group, high reserves in the other. 

2. The remaining rats from both groups were given a diet deficient in vitamin 
A. The exhaustion of the vitamin A reserves was studied both by colorimetric 
determinations on the livers of members killed at intervals and by following 
the weight increase curves. In the group having low reserves weight increase 
ceased after 5 weeks, and negative results in the antimony trichloride reaction 
were obtained at this point. In the group having high reserves weight increase 
continued for several months. Successive falls were however observed in the 
reserves of animals killed at intervals, and in most cases definite regression in 
weight had occurred after 25 weeks. The antimony trichloride reactions at this 
point were negative. 

3. After the exhaustion of the reserves members of each group were given 
halibut liver oil. Weight restoration resulted in most cases, and the liver reactions 
were invariably strongly positive. 

4. These results reaffirm the reality of the vitamin A reserve and emphasize 
the importance in routine vitamin A determinations of using rats which have 
been reared under conditions ensuring low reserves. 

5. Although the general behaviour of the rats in each group was consistent 
with the extent of their reserves, some instances of anomalous behaviour were 
observed in rats with high reserves. Thus several deaths occurred while sub- 
stantial liver reserves, as measured colorimetrically, were still present. Moreover, 
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after depletion one rat in this group failed to respond to treatment with halibut 
liver oil, although an intense antimony trichloride reaction was observed at 
autopsy. The failure to respond, and most of the cases of premature death, were 
due to intestinal lesions. In vitamin A determinations animals reacting abnormally 
should be rejected from calculations if lesions sufficient to account for the 


abnormality are found at autopsy. 


Our thanks are due to Dr L. J. Harris for his valuable criticisms and to 
Dr C. A. Baumann for kindly taking charge of the work during our absence on 


vacation. 
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THE growth-promoting activity of the yolk of the hen’s egg has been known since 
the early days of vitamin research [McCollum & Davis, 1913; Osborne & Mendel, 
1914]. More recently the presence of vitamin A itself, as opposed to carotene or 
other carotenoids capable of acting as provitamins, was established by Euler & 
Klussmann [1932; 1933]. This observation has been confirmed by Gillam & 
Heilbron [1935], who have ascribed the vitamin A activity of the egg yolk to the 
combined actions of vitamin A, carotene and kryptoxanthin. It may be recalled 
that the ability of the hen to convert carotene into vitamin A was established by 
Capper et al. [1931]. The pigments of the xanthophyll group, which normally 
account for the greater part of the yellow colour of the yolk, are inactive as 
sources of vitamin A activity [Kline et al. 1932]. 

The influence of dietary vitamin A on the vitamin A content of the egg appears 
to have been first established by Bethke et al. [1927]. They found that the 
addition of 2% of cod liver oil to a diet otherwise low in the vitamin increased 
the vitamin content of the eggs some fivefold, as estimated by biological tests. 
A similar increase was found when the hens were allowed access to pasture. 
Recently Russell & Taylor [1935] have reported that the introduction of alfalfa 
into the diet of hens caused an increase in the vitamin A output in the eggs, 
even though the basal diet itself contained 1°% of cod liver oil. These workers 
estimated that the amount of vitamin passing into the egg varied between 11 
and 32% of the amount present in the diet. Gillam & Heilbron found that the 
vitamin A content and the total carotenoids were higher in grass-fed than in 
maize-fed hens. 

The present paper owes its origin to an opportunity which occurred in the 
course of other work to examine the effect of the intensive administration of 
cod liver oil on the vitamin A content of the hen’s egg. The effect of the 
administration of a vitamin A concentrate has also been investigated. The 
results obtained have confirmed the view that the vitamin A content of the egg 
may be increased by the inclusion of large amounts of vitamin in the diet. At 
the same time it is clear that the amount of vitamin transferred to the egg is 
limited and may represent only a very small percentage of the amount made 
available in the diet. 


EXPERIMENTAL 
Collection of eggs. The eggs examined were obtained from Light Sussex hens 
which had been reared on free range on a normal stock ration, which had the 
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following composition: bran 40, yellow maize 20, sharps 20, Sussex ground oats 
20, soya bean meal 7%, mineral mixture 3%, cod liver oil 1%. During the 
experiments the birds were kept in laboratory pens and trap-nested, so that the 
effect of the supplements on the eggs of individual birds could be ascertained. 

Estimations of vitamin A content and of total carotenoid content of eggs. The 

yolks were ground up with anhydrous Na,SO, and extracted in a Bolton and 
Revis extractor with anhydrous ether. The solvent was evaporated, and the 
egg fat obtained dried at 100° under partial vacuum. Portions of the fat were 
saponified with alcoholic KOH and the unsaponifiable residue extracted with 
ether. The residue after evaporation of the ether was dissolved in chloroform. 
Vitamin A was estimated by treating portions of this solution with the antimony 
trichloride reagent, the blue colour produced being matched in a Lovibond tinto- 
meter. 
The total carotenoid content was measured by matching the yellow colour 
of the original solution in the tintometer. Since knowledge of the carotenoid 
content was only required to permit an estimate of the percentage of the 
antimony trichloride blue colour not attributable to vitamin A, it was not 
thought necessary to fractionate the carotenoid fraction into the individual 
pigments. Yellow and blue units have been calculated according to the scheme 
adopted uniformly throughout this series [Moore, 1930]. 

Vitamin A contents of the eggs and livers of hens on normal rations. For pur- 
poses of comparison with the eggs and liver reserves of birds ingesting large 
amounts of vitamin A, the vitamin contents of the eggs and livers of three Light 
Sussex birds receiving normal rations were investigated. The data obtained for 
the eggs are given in Table I. The birds on diet A were on free range and had 
been reared on the stock ration already described. The birds on diet B were 
reared in confinement on a ration in which 5 % of dried alfalfa provided the main 


source of vitamin A activity. 



















































Table I 
Vitamin A in the egg 
cm Zs —~ 
Total B.U. per g. fat B.U. per whole egg 
carotenoids (a 
No. of Y.U. per g. Total Vitamin A Total Vitamin A 
hen Diet fat B.U. B.U. B.U. B.U. 
74 A 170 80 63 440 347 
7 A 350 120 85 660 468 


115 935 
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B 





314 











Table II shows the vitamin contents of the livers of six birds receiving a 
normal ration, viz. the stock ration with access to grass. With the exception of 
hen 87 none of the birds was laying. Considerable individual variations are 
shown, but substantial reserves were observed in all instances. 






Table II. Vitamin A and total carotenoid contents of the livers of hens 
on a normal diet 













Y.U. 





ee 
Whole liver Whole liver 
13 40 1500 4200 160,000 









87 110 7000 3500 230,000 
— 12 1200 1000 44,000 
46 23 800 5100 180,000 
133 130 4000 4800 150,000 








144 70 3000 2300 97,000 








VITAMIN A IN HEN’S EGGS 181 


The effect of the intensive administration of cod liver oil on the vitamin A content 
of eggs and on the distribution of vitamin A in the body. During the pre-experi- 
mental period the birds received a basal ration designed to contain only small 
amounts of carotenoid pigments and having the following composition: ground 
wheat 25 parts, bran 20 parts, middlings 30 parts, Sussex ground oats 15 parts, 
dried skim milk 10 parts, mineral mixture 3%. 

After the basal mixture had been given for 20 days the egg yolks appeared 
almost colourless. 10°% of cod-liver oil (Engelberg’s medicinal) was then added 
to the diet, the addition being continued for 14 days. Eggs were selected for 
analysis at intervals during the preparatory cod liver oil and post-cod liver oil 
periods. 

The results obtained for the eggs of one individual (hen B 117) are given in 
Table III. 


Table III. Effect of the intensive feeding of cod liver oil on the vitamin A 
content of the egg (hen B 117) 


Vitamin A in the egg 
A 





o* 
Total Vitamin A B.U. per g. fat B.U. per whole egg 


Date of carotenoids ingested as SS —————— > 
laying of Y.U. perg. _cod-liver oil Total Vitamin A Total Vitamin A 
selected egg fat B.U. per day B.U. B.U. B.U. B.U. 
4 March 50 0 50 45 275 247 
9 March 30 0 50 47 275 258 
10 March 25 0 50 47-5 275 261 
Mean 255 


4 eggs in all were laid during above period. 10% cod liver oil was introduced into the diet on 
11 March. 


13 March 20 20,000 65 63 360 346 
17 March 15 20,000 100 98 550 539 
22 March 20 20,000 110 108 605 594 
23 March 20 20,000 150 148 825 814 
25 March 20 20,000 100 98 550 539 

Mean 566 


9 eggs in all were laid during above period. Cod liver oil was discontinued on 25 March. 
Total vitamin A ingested as cod liver oil =280,000 8.u. Total vitamin A included in eggs (from 
mean B.U. for eggs examined) = 5000 B.v. 


28 March 20 0 110 108 605 594 
2 April 25 0 65 62-5 358 344 
5 April 10 0 20 19 110 104 
7 April 20 0 40 38 220 209 
9 April Egg: 

In shell gland 20 0 60 58 330 319 

Ova 16 0 40 38-4 — — 

Mean 314 


There were 11 eggs between 25 March and 9 April, including that contained in the shell gland. 


N.B. All values calculated from Lovibond readings have been given as the nearest round 
numbers. The values given for the “vitamin A B.v.”’ have been calculated by deducting an 
allowance equal to 1/10 of the yellow units, and have been left without “‘rounding off” so that the 
extent of the necessary correction may be clear. In calculating the B.v. per whole egg the weight 
of fat per yolk has been taken as 5-5 g. The amount of vitamin A ingested as cod liver oil has 
been calculated on the basis of a daily food intake of 4 oz. (=114 g.). 


It will be seen, as would be expected from the nature of the basal ration, that 
the total carotenoid content of the egg yolks fell throughout the whole experi- 
mental period. The vitamin A content rose to about double the original level 
during the period in which cod liver oil was given, but fell back to about this 
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level when the cod liver oil was discontinued. It may be noted that even in the 
case of eggs obtained before the commencement of the administration of the 
cod liver oil the band at 620 my, characteristic of the blue colour given by 
vitamin A in the antimony trichloride reaction, could be plainly seen. This band 
became more distinct when cod liver oil was given. A fainter band at about 
585 my was also present in some instances. Essentially similar results were 
obtained with eggs from another hen receiving similar treatment. 

During the post-cod liver oil period, after 14 days on the basal mash, the bird 
was killed, and the organs and body fat were examined for vitamin A. The 
results are shown in Table IV. 











Table IV. The effect of the intensive feeding of cod liver oil on the vitamin A 
content of organs and body fat 










Hen B 117 B.U. per g. Total B.v. 

Liver 8730 380,000 
Kidneys 90 875 
Lungs —_— 0 
Heart — 0 
Spleen — 0 
Gizzard (without lining) _- 0 

0 


Lining of gizzard -- 
Food from gizzard 
Internal fat 
Subcutaneous fat 








0 


be be 


wh 






It may be noted that the vitamin A reserve of the liver was considerably 
higher than that found in hens on the normal diet (Table II). Vitamin A was 
also found in smaller amounts in the kidneys and bgdy fat. Traces of yellow 
pigmentation, insufficient to produce a blue colour in the antimony trichloride 
reaction, or to necessitate a correction in the amount of the blue colour of the 
liver or kidney attributable to vitamin A, were found in all organs. Except 
in the sites mentioned above, no vitamin A could be detected. It is noteworthy 
that the amount of vitamin A present in the body fat, viz. 22 B.v. per g., was 
much less than that contained in the egg fat. 

The effect of the administration of massive doses of vitamin A concentrate on the 
vitamin A content of eggs and on the distribution of vitamin A in the body. Before 
the administration of concentrate the hen (No. 7) selected for this experiment 














Table V. Effect of administration of vitamin A concentrate on the vitamin A 
content of the egg (hen 7) 


Vitamin A in the egg 















r on = 
Total Vitamin A B.U. per g. fat B.U. per whole egg 
Date of carotenoids ingested as ——"——A —————' 
laying of y.U.perg. concentrate Total Vitamin A Total Vitamin A 
selected egg fat B.U. per day B.U. B.U. B.U. B.U. 
28 March 350 0 120 85 660 468 






At the above period the bird was receiving the stock ration containing 1% cod liver oil with 
access to grass. Administration of concentrate commenced on 24 April. 







5 May 60 400,000 240 234 1320 1287 
6 May 50 400,000 250 245 1375 1347 
8 May a 400,000 250 a 1375 - 
9 May (ova) 30 400,000 230 227 _ — 






Nine eggs in all were laid during the above period. Administration of concentrate was dis- 
continued on 9 May. Total amount of vitamin A ingested as concentrate =5,000,000 B.u. Total 
vitamin A included in eggs from mean blue value of eggs examined = 12,700 B.v. 
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was receiving the stock ration and had access to grass. The concentrate used 
was kindly provided by Messrs Lever Brothers, Ltd., and contained 75 B.v. per 
mg. It was administered orally by pipette for 14 days at the rate of about 5 g. 
per day. One of the eggs laid during the preparatory period and the last 3 eggs 
of the 9 laid during the experimental period were selected for analysis. The 
results obtained are shown in Table V. 

The vitamin potency and the total carotenoid content of the egg of hen 7 
during the pre-experimental period were considerably higher than in the case of 
hen B 117, presumably owing to the greater vitamin A and carotenoid contents 
of the ration used. During the experimental period the total carotenoid content 
fell very markedly, while the vitamin A content rose to approximately three 
times the original level, the maximum reached being more than twice that 
obtained under intensive cod liver oil feeding. 

The distribution of vitamin A in the body of hen 7, which was killed at the 
end of the period of concentrate administration, is shown in Table VI. As in the 
case of hen B 117 traces of yellow pigmentation were found in all organs. 


Table VI. The distribution of vitamin A in the body after the administration 
of massive doses 


Hen 7 B.U. per g. Total B.v. 
Liver 11,000 500,000 
Kidneys 6,300 
Lungs 1-6 20 
Heart “6 5 
Spleen 9 50 
Gall bladder 40 
Gizzard (without lining) 30 
Lining of gizzard 0 
Food from gizzard 0 
Muscle ; 10 
Faeces 2, 150,000 in 63 g. 
(one day’s excretion) 
Internal fat 100 _ 
Subcutaneous fat 110 —_ 


The administration of massive doses of vitamin A resulted in an extremely 
high total reserve in the liver, viz. 500,000 B.U., which is approximately 50% 
more than that found in the liver under intensive cod liver oil feeding. The 
kidneys contained significantly more vitamin A than did those of hen B 117 and 
traces were found in the other organs. In the body fat the vitamin A content 
was five times as high, though here again the concentration was much less than 
that found in the egg fat. 

Considerable amounts of the vitamin A ingested by hen 7 were evidently being 
excreted, 150,000 B.v. being present in the faeces during the last day of admini- 
stration of concentrate. Assuming that similar amounts of the vitamin were being 
eliminated daily, a total of about 2,000,000 B.v. would have been excreted, i.e. 
about two-fifths of the total intake. Towards the end of the period the hen 
displayed a disinclination to stand. She consumed considerable amounts of 
water and the excreta appeared very moist. On post mortem examination the 
organs appeared normal, with the exception of the kidneys, the surface of which 
showed a considerable number of small petechiae. 
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Discussion 


The effect of dietary addition of vitamin A in increasing the vitamin A content 
of the egg. The above results afford confirmation of the view that the vitamin A 
content of the egg may be raised by the inclusion of large amounts of the vitamin 
in the diet. Judged by the extent of the increase above the former level the rise 
may be considerable, amounting to 100-300 % in the present experiments. From 
the results on hens given cod liver oil the increase in the vitamin A content of the 
egg appears to be of a temporary character, occurring only during the actual 
administration of the oil. The removal of the oil from the diet caused a rapid 
decline of the vitamin content of the egg to the level found before the administra- 
tion of oil was begun, in spite of the presence in the liver of a very high reserve 
of vitamin. This reserve, if mobilized, would have sufficed to have maintained 
the vitamin A content of the egg at the raised level for about 300 ovulations. 

The following table shows the amount of “pure” vitamin A, as characterized 
by the data of Carr & Jewell [1933], found in eggs from hens on various rations. 
The values have been calculated on the assumption that pure vitamin A has 
4300 B.U. per mg., and allowance has been made for the proportion of the blue 
colour due to carotenoid pigments in each instance. 




















Table VII. Vitamin A content of eggs from hens on different diets 
99 
“Pure” vitamin A in 
mg. per 100 g. fresh 
yolk (containing 












No. of hen Diet 30% of fat) 

B17 Basal 0-33 
B 141 Basal 0-35 

7 1% cod liver oil + grass 0-6 
74 1% cod liver oil + grass 0-45 

314 5% alfalfa 0-8 
B117 10% cod liver oil 0-65 
B 141 10% cod liver oil 0-60 

7 100 mg. “pure” vitamin A 1-7 


daily as concentrate 

















If the level of vitamin A found in the eggs of hens receiving only the basal 
diet is taken as a basis of comparison it will be seen that the addition of 10% of 
cod liver oil, or of 5% of alfalfa to the diet, resulted in the vitamin A content of 
the eggs being doubled. The administration of massive doses of concentrate 
caused a fivefold increase. 

The amounts of vitamin A found in the present work, even in eggs from hens 
receiving the basal diet alone, were much higher than those reported by Gillam & 
Heilbron [1935], who obtained values of 0-05 and about 0-1 mg. of “pure” 
vitamin A per 100 g. of fresh yolk for maize-fed and grass-fed hens respectively. 
This difference may be due in part to differences in dietary history, since although 
the birds used in the present work were ingesting little or no vitamin A or 
carotene while on the basal ration, they had previously received the normal stock 
diet, with 1% of cod liver oil and access to grass. The liver reserves if available 
must therefore have been sufficient to maintain the vitamin A content of the 
eggs at a fairly high level.! It may be noted however that the methods adopted 


















1 As shown above a high liver reserve will not maintain the vitamin A reserve at the raised 
level found during the intensive vitamin A administration. It does not follow, however, that 
the reserve will not be mobilized for transference to the egg during dietary deficiency of the 


vitamin. 
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for estimating the vitamin by ourselves and by Gillam & Heilbron were 
essentially different. The procedure adopted by the latter workers in fraction- 
ating their unsaponifiable matter on an adsorption column is possibly open to 
the criticism that the recovery of the vitamin A fraction may have been 
incomplete. 

A rough approximation of the vitamin A content of eggs from hens receiving 
ordinary dietaries may be deduced from the data on eggs laid by hens 74 and 7 
(Table I) which received a normal ration supplemented with 1 °% of cod liver oil 
and access to grass. Taking the combined carotene and kryptoxanthin contents 
as 5% of the total carotenoids, and the international unit of vitamin A as 
equivalent to 1-2 y.v. of carotene, and to 1-67 8.v. of vitamin A, the total 
vitamin A contents of these eggs may be calculated as 45 and 651.U. per g., or 
250 and 350 1.v. per whole egg for the eggs laid by hens 74 and 7 respectively. 
The vitamin A content of egg yolk fat therefore appears to be equal to or perhaps 
slightly superior to that of good butter fat. 

The proportion of the dietary vitamin A transferred to the egg. Whilst it is 
evident that the intensive administration of vitamin A greatly increases the 
vitamin content of the egg it must be realized that the amount transferred to the 
egg under these conditions represents only a small percentage of the dietary 
intake. Thus in the case of hen B 117 (Table III) cod liver oil equivalent to 
280,000 B.U. was administered over 14 days. During this period 9 eggs were laid, 
calculated to contain a total of 5000 8.v. of vitamin A. The proportion of 
vitamin A transferred to the egg was therefore only some 2%. In the case of 
hen 7, which received concentrate equivalent to about 5,000,000 B.v. during 
the experimental period, 9 eggs containing in all 13,000 B.v. of vitamin A were 
laid. The proportion secreted in this instance was thus only 0-2°%. Since in this 
experiment a considerable proportion of the ingested vitamin was recovered in 
the faeces the amount of vitamin A transferred to the egg, when calculated in 
reference to the amount of vitamin absorbed from the alimentary tract, would 
have represented a somewhat higher percentage. 

These percentages are much smaller than those reported by Russell & Taylor 
[1935], who found that the output of vitamin A in the eggs of hens on normal 
rations containing 1 % of cod liver oil varied between 11 and 32 % of the dietary 
intake. It is obvious therefore that the proportion passing to the egg decreases 
rapidly as the dietary intake increases, and that there is no fixed proportionality 
which can be regarded as applicable under all conditions of nutrition. 

The distribution of vitamin A throughout the body after the intensive admini- 
stration of vitamin A. From Tables IV and VI it will be seen that the administra- 
tion of both cod liver oil and of vitamin A concentrate resulted in accumulation 
of very high vitamin A reserves in the liver, and of a smaller amount of vitamin 
in the kidneys. In the case of the bird given cod liver oil a small concentration 
of the vitamin was detected in the stored fat deposits, but not in other sites. In 
the bird given concentrate traces of vitamin were found in many organs. These 
results are in close agreement with those obtained by Moore [1931] and by 
Davies & Moore [1934] in similar experiments on the rat, and with general 
experience on other mammals. It is noteworthy that in both the above hens 
the vitamin A concentration in the egg fat was decidedly greater than in either 
the interperitoneal or subcutaneous fat deposits. 

The role of the liver in the vitamin A economy of the hen. The predominance of 
the liver as the main site of storage of vitamin A in the hen, reviewed in con- 
junction with the decreasingly small proportion of vitamin A passing into the 
egg with increasing dietary intake, recalls the similar predominance of the role 
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of the liver in the mammal and the limitation of the amount of vitamin A passed 
to the young animal, both prenatally and during lactation. Thus Moore [1932], 
Fraps and Treichler [1932] and Watson et al. [1934] have shown that the amount 
of vitamin A secreted in the milk of the cow does not exceed a restricted upper 
limit, which represents only a small fraction of the potential vitamin A ingested 
by the cow as carotene. In the case of the rat Dann [1932; 1934, 1, 2] has 
concluded that both the vitamin stores of the embryo and the amount of 
vitamin A secreted in the milk are increased only to a limited extent when 
large amounts of carotene or vitamin A are ingested by the mother. It appears 
therefore that the restriction of the amount of vitamin A made available to the 
chick during its early stages of development is in accordance with the general 
rule applying to mammals. 

If it is agreed, as the work of Russell and Taylor strongly suggests, that the 
liver reserves may be mobilized for transference to the egg during dietary 
deficiency of the vitamin, we may picture the liver as a buffer beween the 
maternal food supply on the one hand, and the rest of the maternal organism 
with the developing egg on the other. Thus it is capable not only of effecting 
the transfer of vitamin A to the egg but of restraining the free passage of the 
vitamin io the egg in face of dietary excess. This finding may be contrasted with 
results obtained by Branion et al. [1933] who have found that the passage of 
vitamin D to the egg is much less restricted. Thus a fivefold increase in the cod 
liver oil content of the diet doubled the vitamin D content of the egg, while a 
hundredfold increase of dietary vitamin D in the form of calciferol increased the 
content in the egg thirty times. By the intensive feeding of calciferol the 
vitamin D content of the egg was raised to 18,000 Steenbock units, with loss of 
hatchability. These results serve to emphasize the particular affinity of the liver 
for vitamin A, and its role in conserving superfluous supplies. 

The vitamin A reserves of hens kept on an ordinary farm dietary, with 1% 
of cod liver oil and access to grass (Table II), are of interest in view of their high 
order of magnitude (median value ca. 4000 B.vU. per g.). This may be appreciated 
by comparison with the 400 B.v. per g. taken as the typical reserve in human 
beings. These values are similar to those found by Capper et al. [1931] for fowls on 
normal rations, but are considerably higher than those reported by Russell & 
Taylor [1935]. The birds used by the latter workers were kept in confinement but 
were given diets containing 1 % of cod liver oil and sometimes 5% of alfalfa. 


SUMMARY 


1. The administration of cod liver oil to a laying hen at the rate of 10% of 
the diet, which was otherwise low in vitamin A and carotene, caused the 
vitamin A content of the eggs, as determined by the antimony trichloride method, 
to be doubled. The vitamin A content of the egg resumed its former level soon 
after the withdrawal of the cod liver oil from the diet. 

2. The intensive administration of a vitamin A concentrate raised the 
concentration of vitamin A in the egg to about five times the level found on the 
basal diet alone. In this experiment the limits of absorption by the intestine 
appeared to have been reached, since a considerable proportion of the ingested 
vitamin was recovered from the excreta. 

3. In spite of these considerable increases in the vitamin A content of the 
eggs the proportion of the vitamin A ingested which appeared in the eggs 
amounted to only 2 and 0-2% for cod liver oil and concentrate feeding 
respectively. The transference of vitamin A to the egg is therefore limited, 
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and decreases as the intake increases. This limited transference of vitamin A 
to the egg recalls the similar limitation which is usually found in the amounts 
of vitamin A made available to the young mammal during pregnancy and 
lactation. 

4. At the conclusion of the egg-laying experiments the hens were killed and 
the distribution of vitamin A in the various organs determined. High con- 
centrations of vitamin A were found in the liver. Much lower, but still con- 
siderable, concentrations were found in the kidneys. In the other organs 
examined negative results were obtained in the case of the bird given cod liver 
oil, while small traces were found in some organs of the bird given concentrate. 
These results suggest that the role of the liver in the vitamin A economy of the 
bird is essentially the same as in the mammal. 


Our thanks are due to Mr E. T. Halnan and Dr L. J. Harris for their valuable 
criticism. 
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In connexion with a study of the action of various radiations on amino-acids 
and their derivatives, it became necessary for us to determine the absorption 
spectra of all the compounds of that category which were available for investi- 
gation. The spectral region investigated was from 2100 to 6000 A. 

The ultraviolet absorption spectra of glycine [Kober, 1915; Castille & 
Ruppol, 1926; Shibata & Asahina, 1927; Ley & Arends, 1928; 1932], alanine 
[Kober, 1915; Shibata & Asahina, 1927; Ley & Arends, 1928; 1932; Barnés, 
1930], «-aminoisobutyric acid [Ley & Arends, 1928; 1932], valine [Kober, 
1915], leucine [Kober, 1915; Shibata & Asahina, 1927], f-phenylalanine 
[Kober, 1915; Shibata & Asahina, 1927; Abderhalden & Rossner, 1928, 1; 
Feraud et al. 1935] and glycyl-leucine [Shibata & Asahina, 1927; Abderhalden & 
Haas, 1926; Abderhalden & Rossner, 1928, 2] may be found in the literature. 
The determinations have been repeated for purposes of comparison with the 
other compounds studied. Throughout this report, statements concerning the 
relative absorption by two or more compounds apply only to the wave-lengths 
shown on the Figures. 

















EXPERIMENTAL METHODS 


Preparation of compounds. The derivatives of amino-acids used in this and 
another investigation (see Part II) are compounds already known. All of them, 
with the exception of the three following, had been prepared in the ways 
described in the chemical literature (Steiger, 1934, 1; Levene & Steiger, 1931]. 


Benzoyl-a-aminoisobutyric acid [Mohr & Geis, 1908; 1910; Gabriel, 1913; Heller & Lauth, 1919}. 
A solution of «-aminoisobutyric acid in N sodium hydroxide was treated in the cold with benzoyl 
chloride, N sodium hydroxide being used to remove the hydrogen chloride formed in the 
reaction. 

Glycyl-dl-leucine [Fischer, 1905]. Chloroacetyl-dl-leucine was aminated, at room temperature, 
with 10 times its weight of ammonium hydroxide of sp. gr. 0-90. 

Acetyl-dl-x-phenylalanyl-x-aminoisobutyric acid. Cold water was added to the pure azlactone 
[Steiger, 1934, 2] of acetyl-dl-x-phenylalanyl-x-aminoisobutyric acid. The opening of the azlactone 
ring takes place at room temperature. By this procedure a much purer product is obtained than 
the one resulting on mere recrystallization of the crude acetyl-dl-x-phenylalanyl-«-aminoiso- 
butyric acid as formed by the action of the azlactone of acetyl-dl-x-phenylalanine on «-amino- 
isobutyric acid in glacial acetic acid. 

1 Presented before the Third Summer Conference on Spectroscopy and its Applications at the 
George Eastman Research Laboratories of Physics, Massachusetts Institute of Technology, 
16 July 1935. 
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Technique. The solutions were prepared as follows: the dry powders (at least 
99-0 % pure) were weighed in 10 ml. volumetric flasks and dissolved in the appro- 
priate solvents and the solutions were diluted to volume at room temperature. 

A medium size Bausch and Lomb quartz spectrograph was used throughout 
these experiments. Its entire range from 2100 to 8000 A. can be taken in one 
exposure on a 10-inch plate (Eastman Kodak Company No. 33 plates were 
used). Hilger echelon cells [Twyman, 1933; McDonald, 1936] with the liquid 
thicknesses ranging from 0-1 to 1-0 cm. were used. The curves show the absorp- 


tion of light by a 1 cm. layer of the solutions under examination, i.e. =3 log ?. 


d being the layer thickness in centimetres. A water-cooled hydrogen arc served 
as a source of light [McDonald, 1936]. This light is nearly continuous, showing 
only a few lines near the visible part of the spectrum. The measurements were 
made at room temperature. 

The positions of the absorption bands are correctly represented on the 
Figures; however, the extinction coefficients are not the absolute ones. In order 
to indicate the magnitude of the error in our values, we have determined the 
absorption spectrum of azobenzene, the absorption of which has been deter- 
mined by Brode [1926]; the two curves are given in Fig. 12. 
















EXPERIMENTAL RESULTS 


In Fig. 1 are to be seen the absorption spectra of some of the amino-acids 
which entered into the composition of the more complex compounds studied in 
this work. The formulae of these amino-acids are given below, the arrows 
indicating an increase in the absorption of ultraviolet light. 











H CH; 
| + + | 
H—C—COOH —~> CH; OOH oe CH,—C—COOH 
! 
NH, NH, NH, 
Glycine + dl-Alanine + «a-Aminoisobutyric acid 
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H H H 









| + | 
iia 2 iets <— (cH,,cH—b_cooH —s 
NH, H, NH, 
dl-Leucine dl-Valine dl-B-Phenylalanine 





The absorption of light by a dipeptide, e.g. glycyl-dl-leucine, is greater than 
that of either or both of its constituent amino-acids (curves 1, 4 and 13; Fig. 2). 
When a hydrogen atom of the amino-group of either an amino-acid («-amino- 
isobutyric acid) or a dipeptide (glycyl-dl-leucine) is replaced by an acetyl group, 
the absorption curve of the resulting derivative, compared with that of the 
original compound, lies on the side of the longer wave-lengths (curves 6 and 7; 
13 and 19; Fig. 2). 

When the hydrogen atom of the imino-group of an acetylamino-acid (acetyl- 
a-aminoisobutyric acid) is replaced by a methyl group, the absorption of 
ultraviolet light by the resulting compound (acetyl-N-methyl-«-aminoisobutyric 
acid) is greater than that by the original substance (curves 7 and 10; Fig. 3). 
The absorption of ultraviolet light by a benzoylamino-acid (benzoyl-«-amino- 
isobutyric acid) is much greater than the absorption by the corresponding 
acetylamino-acid (acetyl-x-aminoisobutyric acid) (curves 7 and 8; Fig. 3). 
The spectrum (Fig. 4) of a benzenesulphonylamino-acid (benzenesulphonyl-«- 
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Fig. 1. 1, glycine; 2, dl-alanine; 3, dl-valine; 4, dl-leucine; Fig. 2. 1, glycine; 4, dl-leucine; 6, «-aminoisobutyric acid; 
5, dl-B-phenylalanine; 6, «-aminoisobutyric acid. 0-05 M 7, acetyl-x-aminoisobutyric acid; 13, glycyl-dl-leucine; 
in water. 19, acetylglycyl-dl-leucine. 0-05 M in water. 


2800 2700 2600 2500 2400 


Fig. 3. 7, acetyl-x-aminoisobutyric acid; 8, benzoyl-«-amino- Fig. 4. 8, benzoyl-«-aminoisobutyric acid; 9, benzenesul- 
isobutyric acid; 10, acetyl-N-methy]l-a-aminoisobutyric acid.  phonyl-«-aminoisobutyric acid. 0-01 M in 95% EtOH. 
0-01 M in water 








2500 2300 2200 A. 


Fig. 5. a, acetic acid and «-aminoisobutyric acid; b, acetyl- Fig. 6. 14, acetyl-dl-alanyl-glycine; 15, ecutyigivey ae 


a-aminoisobutyric acid and «-aminoisobutyric acid; 16, acetyl-dl-valylglycine; 17, acetylglycyl-di-valine; 18, acety! 
7, acetyl-a-aminoisobutyric acid; 22, acetyl-x-amino- _dl-leucylglycine; 19, aeieired aidan. 0-05 M in water. 
isobutyryl-a«-aminoisobutyric acid. 0-01 M in water. 








Fig. 7. 15, acetylglycyl-dl-alanine; 20, acetylglycyl-a- 
aminoisobutyric acid; 21, acetyl-dl-alanyl-«-aminoiso- 
butyric acid; 22, acetyl-«-aminoisobutyryl-«-aminoiso- 
butyric acid. 0-05M in water. 23, acetyl-dl-«-phenyl- 
alanylglycine; 24, acetyl-dl-«-phenylalanyl-dl-alanine; 
25, acetyl-dl-«-phenylalanyl-x-aminoisobutyric acid. 
0-01 M in 95% EtOH. 


2800 

Fig. 9. 19, acetylglycyl-dl-leucine; 23, acetyl-dl-«-phenyl- 
alanylglycine; 24, acetyl-dl-«-phenylalanyl-dl alanine; 
26, acetyl-dl-8-phenylalanyl-x-aminoisobutyric acid; 27, 
acetylglycyl-dl-leucyl-anilide; 28, acetyl-dl-«-phenylalanyl- 
glycylanilide; 29, acetyl-dl-«-phenylalanyl-dl (or /d)-alanyl- 
anilide; 31, acetyl-dl-8-phenylalanyl-x-aminoisobutyryl- 
anilide. 0-01M in 95% EtOH. 





2700 


Fig. 11. 8, benzoyl-x-aminoisobutyric acid; 11, benzoyl-«- 
aminoisobutyrylmethylamide. 0-01 M in water. 


Fig. 8. 21, acetyl-dl-alanyl-x-aminoisobutyric acid; 25, 


acetyl-dl-x-phenylalanyl-x-aminoisobutyric acid; 26, 
acetyl-dl-8-phenylalanyl-«-aminoisobutyric acid. 0-01M 
in 95% EtOH. 


Fig. 10. 9, benzenesulphonyl-«-aminoisobutyric acid; 12, 
benzenesulphonyl-«-aminoisobutyrylamide; 25, acetyl- 
dl-«-phenylalanyl-x-aminoisobutyric acid; 30, acetyl- 
dl-z-phenylalanyl-«-aminoisobutyrylamide. 0-01 M in 
95% EtOH. 


Fig. 12. 0-0066% azobenzene in 95% EtOH. A, Brode’s 
curve; B, our curve. 
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aminoisobutyric acid) is quite different from that of the corresponding benzoy]l- 
amino-acid (benzoyl-«x-aminoisobutyric acid). 

CH, 
cH,—_cooH 
ku 


| b | 

co 0 SO, 

| | 

CH, CH; oH, 
Acetyl-x-aminoisobutyric Benzoyl-«-aminoisobutyric Benzenesulphonyl-«-amino- 

acid acid isobutyric acid 


It is to be noted (curves a and 7; Fig. 5) that the absorption of light by an 
acetylamino-acid (acetyl-x-aminoisobutyric acid) is greater than the absorption 
by a mixture of equimolecular amounts of its constituent parts (acetic acid and 
a-aminoisobutyric acid). In all likelihood, the absorption of light by an acetyl- 
dipeptide would also be greater than that by an equimolecular mixture of 
acetic acid and the corresponding dipeptide. More interesting is the fact 
(curves 6 and 22; Fig. 5) that an acetyl-dipeptide (acetyl-x-aminoisobutyryl-«- 
aminoisobutyric acid) exerts a greater absorption than the equimolecular 
mixture of the constituent parts consisting of acetylamino-acid (acetyl-«- 
aminozsobutyric acid) and amino-acid (x-aminozsobutyric acid). 

The absorption curves of 6 acetyl-dipeptides are given in Fig. 6. Invariably, 
the acetyl-dipeptide in which the amino-acid of higher molecular weight (dl- 
alanine, dl-valine, dl-leucine) occupies the central position of the chain (formula I) 
shows less absorption than its position isomeride (formula IT). The arrow indicates 
an increase in the absorption of ultraviolet light. 


H H 
| 

u—-b_cooH R—C—COOH 

| 

NH NH 

| * i 

co — 0 
u—4_NHCOCH, n_d_NHCOCH, 

| | 

R H 

I II 

R=CH,; CH(CH,),; CH,CH(CH,), R=CH,; CH(CH,),; CH,CH(CH,), 


In Fig. 7 (curves 15, 20, 21, 22) is seen the effect of progressive introduction of 
methyl groups into acetyl-dipeptides. The absorption increases as the methylene 
hydrogen atoms of the peptide chain are replaced by methyl groups: 


H j H; CH, 
| | 
CH,—C—COOH CH;—C—COOH oe CH,—C—COOH 
NH NH NH NH 
| = | - ( { 
co -_ co —-- O -_ O 
| | | | 
H—C—NHCOCH, ody Wiehe nie 3  H—C—NHCOCH, CH,;—C—NHCOCH, 
| 
H H H; CH, 
Acetylglycyl-dl- Acetylglycyl-«- Acetyl]-dl-alanyl-«- Acetyl-x-amino- 
alanine aminoisobutyric aminoisobutyric isobutyryl-«- 


acid acid aminoisobutyric acid 
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The same variation in absorption of light with the introduction of methyl 
groups is seen in Fig. 7 (curves 23, 24, 25) in another series of acetyl-dipeptides, 
the formulae of which are given below: 


t H CH, 
| | 
H—C—COOH CH,—C—COOH CH,—C—COOH 
NH NH NH 
+ + | 
O —_—- co —-- co 
| 
c,H,—b_NHCOCH, C,H, —4_NHCOCH, C,H,—C—NHCOCH, 
| 
‘HH H, CH; 
Acety]-dl-«-phenyl- Acetyl-dl-«-phenyl- Acetyl-dl-«-phenyl- 
alanylglycine alanyl-dl alanine alanyl-«-aminoiso- 


butyric acid 


When a hydrogen atom of an acetyl-dipeptide containing only aliphatic 
radicals is replaced by a phenyl group, the absorption of ultraviolet light is 
increased and characteristic absorption bands are produced (Fig. 8). Intro- 
duction of the phenyl group into the alpha position of the alanyl unit of acetyl- 
dl-alanyl-x-aminoisobutyric acid produces 3 bands, while introduction of the 
phenyl group into the beta position of the same unit produces 5 bands. It is to 
be noted that the absorption of light by the «-pheny] derivative is greater than 
that by the corresponding B-pheny] derivative. 


CH, CH; CH, 
| 
CH,—C—COOH CH;—C—COOH CH; COOH 
| 
NH NH NH 
( : : ( 
0 —— 30 _ 0 
| Rios. 
C,H; NHCOCH, H—C—NHCOCH, H—C—NHCOCH, 
H, H, H,C,H, 
Acetyl-dl-«-phenyl- Acetyl]-dl-alanyl-«- Acetyl-dl-B-phenyl- 
alanyl-«-aminoiso- aminoisobutyric alanyl-«-aminoiso- 
butyric acid acid butyric acid 


When the hydroxy] of the carboxyl group of an acetyl-dipeptide is replaced 
by an NHC,H, residue, a marked increase in absorption results and there are 
two characteristic bands produced (at approximately 2800 and 2450 A.), 
regardless of whether the acetyl-dipeptide is composed of aliphatic or aromatic 
amino-acids. This is shown in Fig. 9 (curves 19 and 27; 23 and 28; 24 and 29; 
26 and 31). However, when the hydroxyl of the carboxyl group of an acetyl- 
dipeptide or of a benzenesulphonylamino-acid is replaced by an NH, residue 
(curves 25 and 30; 9 and 12; Fig. 10) there is only a slight change in absorption. 
Such slight change in absorption is also observed upon replacement of the 
hydroxyl of the carboxyl by an NHCH, residue (Fig. 11). 


SUMMARY 


The absorption spectra of some amino-acids and their derivatives have been 


determined. 
The absorption of light by a dipeptide is greater than that of either or both 


of its constituent amino-acids. 
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When a hydrogen atom of the amino- or imino-group of either an amino-acid 
or of a dipeptide is replaced by an acetyl, benzoyl, or benzenesulphonyl group, 
the absorption curves of the resulting compounds when compared with those of 
the original compounds lie on the side of the longer wave-lengths. 

In comparing the absorption of light by isomeric acetyl-dipeptides it was 
found that greater absorption occurs with the isomeride in which the amino-acid 
of higher molecular weight occupies the terminal position in the chain. 

The absorption of light by acetyl-dipeptides increases as the methylenic 
hydrogen atoms of the peptide chain are replaced by methyl groups. 

When a hydrogen atom of an acetyl-dipeptide is replaced by a phenyl group, 
the absorption of ultraviolet light is increased and characteristic absorption 


bands are produced. 

When the hydroxy] of the carboxyl group of an acetyl-dipeptide is replaced 
by an NHC,H, residue, a marked increase in absorption results. Replacement 
of the hydroxyl group by an NH, or NHCH, group causes only a slight change in 


absorption. 
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THE present study was undertaken to gain some information as to the nature 
of the effect of radiant energy on the matter of living cells. Solutions of several 
amino-acids and of a large number of derivatives of amino-acids and dipeptides, 
the absorption curves of which are given in the foregoing paper, were submitted 
to the action of cathode rays and of ultraviolet light. Absorption measurements 
were made on the solutions in order to see whether the compounds had under- 
gone any change under the influence of the radiations used. That such was 
invariably the case can be seen from the figures presented here. The absorption 
curve of any irradiated solution, when compared with that of the original solu- 
tion, was usually found to lie on the side of the greater wave-lengths. This 
was indicative of the occurrence of some deep-seated reactions. 

It may be recalled that «-amino-acids are decomposed under the influence of 
sunlight in the presence of oxygen. The photochemical reaction has been 
summarily represented by the following equation: 


H 

+0 

R—C—COOH —+  R&.CO.H+NH,+CO, 
NH, 


This photo-oxidation takes place in aqueous solution in the presence of metal 
salts [Neuberg, 1908; 1910] or metal oxides [Gopala & Dhar, 1934], and also 
in the absence of any such catalysts [Ganassini, 1912; 1913]. Peptones and 
proteins [Neuberg, 1908; 1910] also yield aldehydes, ammonia and carbon 
dioxide, a fact which can be explained only by assuming that at some stage of 
the process hydrolysis of the peptide linkages takes place. 

Having exposed various amino-acids to the light of a mercury vapour quartz 
lamp, Lieben & Urban [1931] reported that the rate of deamination varies, as 


1 Presented before the Third Summer Conference on Spectroscopy and its Applications at the 
George Eastman Research Laboratories of Physics, Massachusetts Institute of Technology, 
16 July 1935. 
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was expected, from compound to compound, and also that the ammonia cleavage 
proceeds more rapidly in an acid than in an alkaline medium. 

In a series of articles, Becker [1933; 1934] and Becker & Freytag [1932] have 
shown that X-rays produce photochemical changes of a nature similar to those 
occurring with ultraviolet light. Becker has found several amino-acids and egg 
albumin to be unstable under the conditions he used. Henri et al. [1934] have 
studied the photochemical decomposition of glycine. They measured the rate 
of formation of the ammonia and were able to detect the presence of glycollic 
acid in an aqueous solution of glycine which had been exposed to ultraviolet 
light. This observation is of particular interest since it shows that amino-acids 
may undergo a direct hydrolytic deamination. It has been the theory of 
Wieland & Bergel [1924] that under the conditions in which an amino-acid 
yields ammonia, carbon dioxide and the corresponding aldehyde, in an equi- 
molecular ratio, no primary intermediate other than an imino-acid is formed. 
The latter, according to Wieland & Bergel, then undergoes a decarboxylation 
(at least when its solution is in contact with active charcoal). 

A picture of the various reactions that may take place when aqueous 
solutions of glycine (R=H) and the secondary amino-acids are exposed to light 
in the presence of oxygen is given below: 


H H H H 
| +H,0 | 
R—C-—COOH —> n—¢-cOoH en n—¢_cooH — = = 
| HO, | -NH, b - CO, b 
NH, NE H H 
+0 |—H,0 uo & +0 |—H,0 
2-0-0008 <a # 2-000 —+ §-0-0o0n +0 | -H,0 
NH HO’ NH, —- | 
| —CO, | —CO, 
R—CH +H,0 R—CH onl, i dpi 
| —> - NH; b 
NH HO NH, 


We have submitted to the action of cathode rays only such amino-acids as 
entered into the structure of the other compounds available for study (dipeptides, 
acetyl-dipeptides and derivatives thereof). 

Since, on photo-oxidation, aldehydes are formed from secondary amino-acids, 
ketones should be obtained from tertiary amino-acids. This can be expressed 
by the following equation: 


R’ 
| +0 
R—C—COOH -—+  R.CO.R’+NH,+CO, 


kn, 
Hitherto no tertiary amino-acid had been submitted to the action of radiations 
of any kind. We have found that solutions of «-aminoisobutyric acid are 
unstable (Fig. 2, C, D and £) towards cathode rays and ultraviolet light; 
ammonia is liberated and what appears to be acetone is formed (sodium nitro- 
prusside test). Since a tertiary amino-acid does not contain an «-hydrogen atom, 
it cannot yield an imino-acid, nor can the tertiary hydroxy-acid that must be 


formed on deamination lead to an «-keto-acid. Apparently, there remains no 
other possibility than the one that the hydroxy-acid is decomposed into carbon 
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dioxide and secondary alcohol, the latter giving on oxidation the corresponding 
ketone. 


R’ R’ _ 


R’ R’ 

| +H,O +0 | 
R—C—COOH —> n—¢_cooH ome n—b_cooz al n—dn ine Toad 
| -NH, | -CO, | ~H,0 l 


pa es 
| 
| HO 
NH, NH, OH OH 
H 


We did not attempt to keep the aqueous solutions of «-aminoisobutyric acid 
(or those of its derivatives) free of oxygen in order to be able to detect the 
formation of isopropyl alcohol. It is well known [Tian, 1911; Duane & Scheuer, 
1913] that water is decomposed by ultraviolet light and other radiations into 
hydrogen and oxygen, the latter combining with water to give hydrogen 
peroxide. 

Derivatives of glycine and of secondary and tertiary amino-acids, whether 
or not their molecules carried a free COOH or a free NH, group, were found to 


Table I 


Name of compound Formula of compound 

. Glycine NH,CH,COOH 

dl-Alanine NH,CH(CH,)COOH 

dl-Valine NH,CH(CH(CH,),)COOH 

dl-Leucine NH,CH(CH,CH(CH;),)COOH 

dl-B-Phenylalanine NH,CH(CH,C,H;)COOH 

«-Aminoisobutyric acid NH,CCH,(CH,)COOH 

Acetyl-«-aminoisobutyric acid CH,CONHCCH,(CH,)COOH 

. Benzoyl-«-aminoisobutyric acid C,H,CONHCCH,(CH,)COOH 

: eee am C,H,SO,NHCCH,(CH,)COOH 
aci 

. Acetyl-N-methyl-«-aminoisobutyric ©CH,CON(CH;)CCH,(CH;)COOH 
acid 

. Benzoyl-«-aminoisobutyrylmethyl- §C,H,CONHCCH,(CH;)CONHCH, 
amide 

. Benzenesulphonyl-x-aminoisobutyryl- C,H;SO,NHCCH,(CH;)CONH, 
amide 

. Glycyl-dl-leucine NH,CH,CONHCH(CH,CH(CH,),)COOH 

. Acetyl-dl-alanylglycine CH,CONHCH(CH,)CONHCH,COOH 

. Acetylglycyl-dl-alanine CH,CONHCH,CONHCH(CH,)COOH 

. Acetyl-dl-valylglycine CH,CONHCH(CH(CH;),)CONHCH,COOH 

. Acetylglycyl-dl-valine CH,CONHCH,CONHCH(CH(CH;),)COOH 

. Acetyl-dl-leucylglycine CH,CONHCH(CH,CH(CH,),)CON HCH,COOH 

. Acetylglycyl-dl-leucine CH,CONHCH,CONHCH(CH,CH(CH;),)COOH 

. Acetylglycyl-«-aminoisobutyric acid CH,CONHCH,CONHCCH,(CH,)COOH 

. Acetyl-dl-alanyl-x-aminoisobutyric CH,CONHCH(CH,)CONHCCH,(CH,;)COOH 
acid 

. Acetyl-x-aminoisobutyryl-«-amino- © CH,CONHCCH,(CH;)CONHCCH,(CH,)\COOH 
isobutyric acid 

. Acetyl-dl-x-phenylalanylglycine CH,CONHCC,H,(CH;)CONHCH,COOH 

. Acetyl-dl-x-phenylalanyl-dl-alanine CH,CONHCC,H,(CH,)CONHCH(CH,)COOH 

. Acetyl-dl-x-phenylalanyl-x-aminoiso- CH,CONHCC,H,(CH,)CONHCCH,(CH,)COOH 
butyric acid 

; er en aca CH,CONHCH(CH,C,H,;)CONHCCH,(CH;)COOH 

utyric acid 

. Acetylglycyl-dl-leucylanilide CH,CONHCH,CONHCH(CH,CH(CH,),)CONHC,H; 

. Acetyl-dl-x-phenylalanylglycyl- CH,CONHCC,H,(CH,)CONHCH,CONHC,H, 
anilide 

. Acetyl-dl-«-phenylalanyl-dl-alanyl- CH,CONHCC,H,(CH,;)CONHCH(CH,)CONHC,H,; 
anilide 

. Acetyl-dl-x-phenylalanyl-«-aminoiso- CH,CONHCC,H;(CH;)CONHCCH,(CH;)CONH, 
butyrylamide 

- Acetyl-dl-8-phenylalanyl-«-aminoiso- CH,CONHCH(CH,C,H;)CONHCCH,(CH;)CONHC,H, 
butyrylanilide 


1 
2. 
3. 
4, 
5. 
6. 
as 
8 
9 


13—2 
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undergo a degradation under the influence of cathode rays or of ultraviolet 
light. Since ammonia was liberated from all compounds (the tests for ammonia 
were usually made on the solutions submitted to the rapid, drastic action of the 
cathode rays), hydrolysis to simple molecules liable to give off ammonia un- 
doubtedly took place in every instance. In the case of the derivatives which 
contained only —CO—NH—CR’(R)— groupings (see Table I, compounds 
number 7, 8, 11, 22, 25, 30) there must have been first hydrolysis to give a free 


amino-acid: 
_4_co-xE— 


7 tu, se 
H,O \ H,0 
ve * 
| 2 os 
—C—CO—NH— coon 
na o i H, 
| / _ unstable 
co H,O\, 7 i, 
| ye 4 
N | ¥ 
—C—COOH 
Ma 


The other compounds examined contained at least one —CO—NH—CH(R)— 
or one —CO—NH—CH,— grouping and perhaps were dehydrogenated before 
any amino-acid was set free by hydrolysis. If this were the case, the breakdown 
of the large molecules probably took place along the following lines: 


H,O H,0 
ar Sicsitanatl — --C-00-NH— —> a anac 
| | | 
N NH NH 
ie H,O F nies 


! 


4 H 

| | 

i k An 

d | H,O unstable 
0 a co — 

| —CO, | 


The list of compounds examined is given in Table I. 


EXPERIMENTAL METHODS 


In preparing the solutions, the dry substances were weighed in 10 ml. 
volumetric flasks, dissolved in the appropriate solvent (water or 95% alcohol), 
and the flasks were filled to the mark at room temperature. 
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For the experiments with ultraviolet light, the solutions were irradiated in 
small quartz test-tubes of about 0-7 ml. capacity (4 mm. in internal diameter) 
placed at a distance of 10 cm. from a mercury are (Hanovia Alpine Sun Lamp). 
The solutions, cooled by a fan, were irradiated for 3 hours. 

For the irradiation with cathode rays, 2 ml. of solution were placed in a 
small glass dish of diameter 22 mm. This was placed directly below the aluminium 
window of the cathode ray tube (the surface of the liquid was 1-0 cm. below the 
window), and the solution, cooled by immersion in ice water, was irradiated for 
5 min. The cathode ray tube used was of the Coolidge type, operating on 120 kv. 
and provided with an aluminium window 0-001 inch thick supported by a 
grating. 

The absorption spectra were taken with a Bausch and Lomb quartz spectro- 
graph; Hilger echelon cells were used (see Part I). 

The ammonia tests were made as follows. The solutions to be tested were 
made acid with hydrochloric acid and any alcohol, aldehyde or ketone present 
was removed by distillation. The residues were cooled, made alkaline with 
magnesia, and the ammonia (or methylamine from those compounds containing 
an NHCH, radical) was distilled into cold water. Nessler’s reagent was then 
added to the distillates. 

Hydrogen peroxide was detected by means of the titanium sulphate reagent. 
This was prepared by heating titanium oxide (TiO,) with twice its volume of 
concentrated sulphuric acid, cooling and diluting with ice water. A yellow 
colour (due to TiO,) is formed when this reagent is added to a solution con- 
taining a peroxide. 

In order to detect acetone in the irradiated solutions, the sodium nitro- 
prusside test was used. To 2 ml. of the solution to be tested were added 2 drops 
of a freshly prepared 1 % solution of sodium nitroprusside and then 2 drops of 
a 10% sodium hydroxide solution. When acetone is present, the solution 
becomes orange, changing to a clear yellow in 20 min. 


EXPERIMENTAL RESULTS 


The results have been graphically represented. In Fig. 1 is presented a 
summary of the effects of cathode irradiation upon the various compounds 
studied. The compound numbers correspond to those in Table I. The increase 
in absorption of ultraviolet light at an extinction coefficient of 2-0 produced by 
irradiation of the solutions with cathode rays for 5 min. is indicated. The 
products produced by irradiation of compounds containing benzene nuclei 
absorb light of wave-length longer than 2600 A. (at the extinction coefficient and 
concentrations indicated), while the products from compounds containing only 
aliphatic radicals absorb light of wave-length shorter than 2600 A. Similar 
compounds give similar shifts in absorption, e.g. the anilides behave alike. 

In order to simplify the presentation of the data, curves showing typical 
changes in absorption spectra produced by cathode and ultraviolet irradiation 
have been selected. 

In Fig. 2 are shown the effects of cathode rays upon a secondary amino-acid, 
valine, and of cathode and ultraviolet rays upon a tertiary amino-acid, «-amino- 
isobutyric acid. Primary, secondary and tertiary amino-acids are unstable to 
radiations. 

Several derivatives of x-aminoisobutyric acid have been irradiated (Figs. 3, 
4 and 5) in aqueous and alcoholic solutions. The effect of ultraviolet light is 
similar to that of cathode rays, but the action is less marked. 

The effect of cathode rays upon a dipeptide is shown in Fig. 6, A and B. 
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Fig. 1. Fig. 2. 

‘ig. 1. Increase in the absorption of light at an extinction coefficient of 2-0 produced by irradiation 
of solutions of the various substances with cathode rays for 5 min. Compounds numbers 1, 2, 

3, 4, 5, 6, 13, 14, 18 and 19 were irradiated as 0-05 M. The others were irradiated as 0-01 M. 


2. dl-Valine. 0-05 M in water. A, non-irradiated. B, irradiated with cathode rays for 


is. a 


5 min. «-Aminoisobutyric acid. 0-05 M in water. C, non-irradiated. D, irradiated with 
cathode rays for 5 min. Z, irradiated with ultraviolet light for 3 hours. 


3000 + 3100 2900 2700 2300 A. 
Fig. 4. 


Fig. 3. Acetyl-N-methyl-«-aminoisobutyric acid. 0-01 M in water. A, non-irradiated. B, ir- 
radiated with cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours. 

Fig. 4. Benzoyl-x-aminoisobutyric acid. 0-01 M in water. A, non-irradiated. B, irradiated with 
cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours. 





2300A. 3000 
Fig. 6. 
Fig. 5. Benzenesulphonyl-«-aminoisobutyric acid. 0-01 Min EtOH. A, non-irradiated. B, irradi- 
ated with cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours. 
Fig. 6. Glycyl-dl-leucine. 0-05 M in water. A, non-irradiated. B, irradiated with cathode rays 


for 5 min. Acetyl-dl-alanyl-«-aminoisobutyric acid. 0-01 M in water. C, non-irradiated. 
D, irradiated with cathode rays for 5 min. 





Fig. 7. Fig. 8. 
Fig. 7. Acetyl-dl-«-phenylalanylglycine. 0-01 M in EtOH. A, non-irradiated. B, irradiated with 
cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours, 


Fig. 8. Acetyl-dl-«-phenylalanyl-dl-alanylanilide. 0-01 M in EtOH. A, non-irradiated. B, irradi- 
ated with cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours. 





2700 2500 23004. 3100 2900 2700 
Fig. 9. Fig. 10. 
Fig. 9. Acetyl-dl-«-phenylalanyl-x-aminoisobutyrylamide. 0-01 M in EtOH. A, non-irradiated. 
B, irradiated with cathode rays for 5 min. C, irradiated with ultraviolet light for 3 hours. 


Fig. 10. Acetyl-dl-«-phenylalanyl-dl-alanylanilide. A, non-irradiated. 0-01 Min EtOH. B, irradi- 
ated with ultraviolet light for 3 hours as 0-001 UV solution. C, irradiated with ultraviolet 
light for 3 hours as 0-00025 M solution. All curves plotted as 0-01 MU. 
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Fig. 11. Acetylglycyl-dl-leucylanilide. 0-005 M in EtOH. Irradiated with ultraviolet light. 
Fig. 12. Acetyl-dl-«-phenylalanyl-di-alanine. 0-01 M in EtOH. Irradiated with ultraviolet 


ght. 
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The absorption curves of aqueous solutions of acetyl-dipeptides are shitted 
towards the longer wave-lengths by irradiation with cathode rays (Fig. 6, C and 
D). Ultraviolet light produces a similar shift in all cases where it is applied. 
The same type of shift of the absorption spectra is observed with alcoholic 
solutions of acetyl-dipeptides (Fig. 7). 

















Fig. 13. Acetyl-glycyl-dl-leucylanilide. Saturated solution in water. Irradiated with cathode rays. 
Fig. 14. Acetyl-dl-«-phenylalanyl-dl-alanine. 0-01 M in EtOH. Irradiated with cathode rays. 


The effect of cathode rays upon acetyl-dipeptides in which the hydroxyl of 
the carboxyl group is replaced by an NHC,H, residue is generally less than that 
upon the corresponding compounds in which the carboxy] is free (Fig. 8). The 
effect of cathode or ultraviolet rays upon an acetyl-dipeptide in which the 
hydroxyl of the carboxyl group is replaced by an NH, residue is only slightly 
different from the effect on the parent substance (Fig. 9, compare Fig. 7). 

The absorption spectrum of an irradiated solution of acetyl-x-aminozsobutyrl- 
a-aminoisobutyric acid is nearly the same as that of a mixture in the equi- 
molecular amovnts of acetyl-x-aminoisobutyric acid and «-aminoisobutyric acid 
that has been irradiated for the same length of time. The absorption of light by 
an aqueous solution containing a mixture of acetic acid, acetone and ammonium 
bicarbonate in equimolecular amounts is increased by the action of cathode rays, 
the spectrum of the irradiated solution somewhat resembling that of the 
irradiated solution of acetyl-x-aminoisobutyric acid. 

In Fig. 10 is given the action of ultraviolet light upon solutions of acetyl-dl- 
«-phenylalanyl-dl-alanylanilide ; the decomposition is greater in the more dilute 
solution. The decomposition produced by cathode rays was found to be 
greater for a 0-01 M as compared to 0-05 M solution of acetyl-dl-alanyl-a- 
aminoisobutyric acid. 
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Figs. 11 and 12 show the effect of increasing amounts of ultraviolet radiation 
upon acetylglycyl-dl-leucylanilide and acetyl-dl-«-phenylalanyl-dl-alanine re- 
spectively. The effect of increasing amounts of cathode rays on solutions 
of acetylglycyl-dl-leucylanilide and acetyl-dl-«-phenylalanyl-dl-alanine is shown 
in Figs. 13 and 14. It is to be noted in Fig. 13 that, at some time between 8 and 
16 min. of irradiation, the solution of acetylglycyl-dl-leucylanilide has reached 
a maximum absorption and that subsequently products with less absorption are 
formed. The same “‘receding” effect was noted between 20 min. and | hour of 
irradiation of acetyl-dl-leucylglycine with cathode rays. 

Trradiation with cathode rays for 5 min. and with ultraviolet light for 
3 hours produced no noticeable changes in the absorption spectra of water and 
of 95% ethyl alcohol (the solvents used in this investigation). The irradiated 
solvents were tested for hydrogen peroxide with the titanium sulphate reagent. 
Positive tests for peroxide were obtained with water and alcohol which had been 
irradiated with cathode rays, the irradiated alcohol giving a stronger test than 
the irradiated water; no peroxide was detected in these solvents after they had 
been treated with ultraviolet light. 


SUMMARY 


Solutions of several amino-acids and of a large number of derivatives of 
amino-acids and dipeptides were submitted to the action of cathode rays and 
ultraviolet light. By spectroscopic measurements, it was found that in all cases 
the compounds undergo a change under the influence of these radiations, 
regardless of whether the constituent amino-acids are primary, secondary or 
tertiary. Ammonia was liberated from all compounds upon irradiation. Possible 


reaction mechanisms are given. 


We are grateful to Dr Ellice McDonald for his encouragement and interest in 
this work. 
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XXIV. REFRACTOMETRIC METHODS FOR 
DETERMINING TOTAL PROTEIN 


By CHARLES SIEBENMANN 
From the Connaught Laboratories, University of Toronto, Canada 


(Received 29 September 1936) 


SUBSEQUENT to establishing a refractometric method for determining the protein 
content of purified antitoxins [Siebenmann, 1933], a comparative study of 
refractometric and gravimetric protein determinations of horse serum and of 
plasma, as well as of protein solutions of unknown salt content, was carried out. 

Two different refractometric methods were worked out. The first one is in 
principle an application of Reiss’s refractometric determination of serum 
protein [1904; 1924] by means of one single refractometer reading. This method 
of Reiss has been modified for horse serum and is described hereunder (A) in 
form of a simple graphic method. Like the method of Reiss, this graphic method 
can be applied to native serum and plasma only, for which it gives satisfactory 
agreement with gravimetric methods, except in cases where the concentration of 
non-protein substances is abnormally high. 

To serum dilutions or other protein solutions containing unknown amounts 
of salt, the graphic method cannot be applied. For protein determination in 
such solutions a method has been worked out in which the refractometric change 
occurring during heat coagulation is taken as a quantitative measure of the 
amount of protein present. This second method, which may be called the 
“differential method”, is described under (B). This method further allows 
accurate determination of total protein in native sera. 


---Outer tube 


containing water 


--Inner tube 
containing buffered 
protein solution 


~---Piece of vacuum 
tubing 


Fig. 2 


TECHNIQUE OF REFRACTOMETRIC MEASUREMENTS 
All refractometer readings are carried out at 20° with a Zeiss Dipping 
Refractometer, using a circular water-bath (Zeiss Model A), containing 12 
cylindrical refractometer cups. The constant temperature, essential for this 
( 205 ) 
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work, is obtained by providing the water-bath with a cold water supply from 
an insulated water reservoir! fixed on the wall above the refractometer table. 
An electric stirrer assures an even temperature throughout the refractometer 
bath. For a refractometric determination 3-4 ml. of serum are required. If 
less material is available, special glass cups (Fig. 1) are used which are adapted 
to the shape of the refractometer prism (No. I). Working with these cups, which 
are specially designed for serial work,? not more than 1 ml. of serum is required 
for a determination. The glass of these cups should be clear and care should be 
taken that during moulding no thickening of the wall occurs along the bottom 
edge. 

Refractometric readings on serum are reproducible within less than 0-05 scale 
unit, corresponding to a maximum error of 0-00002 in the refractive index. 


A. GRAPHIC METHOD 


The refractometer readings of a number of horse sera and plasmata were 
determined and the Zeiss scale units plotted as abscissae against the corre- 
sponding protein percentages, determined by the acetone method (see gravi- 
metric methods). The points obtained (Fig. 3) lie close to a straight line, drawn 
through the two points (marked as double circles) which correspond to the two 
horse sera with the highest and lowest protein content respectively (serum Nos. 
628 and 451, Table IT, col. 7). 
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Fig. 3. Serum protein chart, 20°. 


The protein percentages of horse sera and plasmata are read from this chart 
by using this straight line for converting graphically the refractometer scale 
units into protein percentages (Table II, cols. 3 and 4). 

The same chart can be used for routine determination of protein in sheep 


serum (Table II). 
B. DIFFERENTIAL METHOD 


The refractometric determination of serum albumin and globulin, if carried 
out according to Robertson [1924], using the correct value for the constant a 
(0-00185), gives in the case of horse serum results which differ distinctly from 


1 For details see Siebenmann [1936]. 
2 For single determinations the refractometer cup, Zeiss Model B, is suitable. 
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those obtained by gravimetric methods. The reason is that ammonium sulphate 
precipitation of globulin does not lend itself directly to quantitative refracto- 
metric evaluation, because of secondary physico-chemical processes which accom- 
pany the globulin precipitation. Our observations on this point are not reported 
here, as they agree essentially with those made by Deseo [1931, 2]. 

In the case of heat-coagulation of protein, however, the refractometric change 
taking place during the precipitation process can, in our experience, serve as an 
accurate measure of the amount of protein present. 


Principle 

Total protein is determined by measuring the refractometric difference 
between the two following solutions: 

(1) Protein solution + acetate-acetic acid buffer (pH 4-6). 

(2) Same as (1) but after heat-coagulation (100°). 

For calculation of the protein percentage, the constant a=0-00185 [Sieben- 
mann, 1933] was used, which represents the change in the refractive index of a 
horse protein solution due to a change in protein concentration by 1%. Recently 
determined values of a for horse protein are: 0-00186 [Adair & Robinson, 1930}, 
0-00184 [Gerlaugh & White, 1931], 0-00187 [Deseo, 1931, 1] and 0-00185 [Sieben- 
mann, 1933]. The last value was determined for globulin only. There is no 
distinct refractometric difference between normal and antitoxic horse globulin 
[Gerlaugh & White, 1931; Siebenmann, 1933]. The use of a correct value for the 
constant a is essential. A first attempt at a refractometric evaluation of heat- 
coagulation of protein [Homer, 1919] led to wide discrepancies between gravi- 
metric and refractometric protein figures, because the constant a, used for 
calculation, was too high. In this differential method the Na acetate-acetic acid 
buffer (pH 4-6) replaces N’/25 acetic acid, used by Robertson for refractometric 
determination of non-protein. Diluted acetic acid does not always lead to 
quantitative coagulation of serum protein. A similar change was introduced 
in the case of gravimetric methods. 


Technique 


(a) Serum and plasma. To 10 ml. of a Na acetate-acetic acid buffer 2 ml. of 
serum are added. On 4 ml. of this mixture the refractive index is determined. 
The rest is used for heat-coagulation, using a special double tube shown in Fig. 2, 
which allows heating of aqueous solutions at 100°, without evaporation. The 
size of the outer tube is 20x 150 mm., that of the inner tube 15x 125 mm. 
(pyrex No. 2370). The double tube is placed for 15 min. in boiling water. Then 
it is cooled and the inner tube centrifuged. Of the clear protein-free supernatant 
the refractive index is determined. Filtration through filter-paper can take the 
place of centrifuging if evaporation is carefully avoided. 

The above amounts of serum and buffer can be reduced by half if the special 
refractometer cups (Fig. 1) are used. 

Buffer contains 11-3 g. glacial acetic acid and 23-6 g. Na acetate per litre. 

Calculation of protein content. The refractometer readings are converted into 
refractive indices and the protein percentage (c) calculated by means of the 
following equation: 


n,-nN ° ° 
c= + .-dilution 


in which n, is the refractive index before and n, the refractive index after heat- 
coagulation of the protein. 
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The conversion of the refractometer readings into refractive indices can be 
avoided by substituting equation (1) by equation 
c=(R,—R,).k.dilution wae. (2). 


Here R, and R, are the scale readings before and after protein coagulation 
respectively. k is the amount of protein in % which on heat-coagulation leads 
to a drop in the refractometer reading of one scale unit (Zeiss Dipping Refracto- 
meter). This value k can be calculated from the refractometer tables (Reiss [1924] 
or Zeiss, Mess 165 G/XI) and the constant a=0-00185. The & values slightly 
decrease with increasing scale units. One scale unit indicates 0-207% horse 
protein in the range of 20-30 scale units and 0-205% protein between 30 and 


40 scale units. 
Example: Serum 628, dilution: 2 ml. serum plus 10 ml. acetate buffer. 


R, = 27-00 (n,=1-33781); R,=21-50 (n,=1-33570). 
c=(R,—R,).k. dilution = 5-50 x 0-207 x 6 = 6-83 % protein. 


The same result is obtained using equation (1). 

(b) Protein solutions other than serum and plasma. This differential method 
can be extended to horse protein solutions, the salt content of which is not 
exactly known. The volume ratio of protein solution : buffer is so chosen that 
heat-coagulation of the buffered dilution leads to a drop in the refractometer 
reading of from 1 to 10 Zeiss scale units. In the case of solutions with low 
protein content (less than 1%) the pH adjustment is carried out using a minimum 
of acetate buffer (1 ml. per 10 ml. of protein solution). The buffer (pH 4-6) used 
for this purpose contains 56-6 g. glacial acetic acid and 118 g. Na acetate per 
litre. Table I contains the data concerning the volumes to be used. Here again, 
the volume of serum and buffer can be reduced if the special refractometer cups 
(Fig. 1) are used. In the case of solutions with low protein content (less than 
1%) the heat-coagulated protein should always be separated by centrifuging 
and not by filtration. 

Table I 


Protein Acetate 
percentage buffer solution 
range pH 4-6 ml, Dilution 
4-12 10 + 2 6 
1-4 5 + 5 2 
0-2-1 1 + 10 1-1 


Example: Plasma dilution (Tetanus horse 453) containing unknown amount 
of Na citrate. 5 ml. are diluted with 5 ml. of acetate buffer. 


R, (before heat coagulation) = 26-52. 
R, (after heat coagulation) = 24-00. 
c=(R,—R,).k.dilution = 2-52 x 0-207 x2=1-04%. 


C. GRAVIMETRIC METHODS 


The refractometric protein figures were compared with the results of gravi- 
metric protein determinations, using the following two methods. 

Heat-coagulation (at pH 4-6). From 2 to 5 ml. of serum or protein solution 
are diluted in a porcelain dish with acetate buffer (pH 4-6) so that the dilution 
contains not more than 1% protein (2 ml. serum+18 ml. buffer). The covered 
dish is placed for 20 min. on the steam-bath. The protein precipitate is then 
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collected on a paper filter and is thoroughly washed with hot water. The fiiter- 
paper is then placed in a flat aluminium dish, dried for 16 hours at 100° and 
weighed (with lid), the weight of the empty filter plus aluminium dish having 
been determined previously under identical conditions. 

Acetone method. The method of Bierry & Vivarro [1923] modified by Guil- 
laumin et al. [1929] was used. Only those phases of the procedure are described 
which differ from the technique used by the above authors [see Peters & Van 


Slyke, 1932]. 


Table II. Comparison of refractometric and gravimetric 
protein determinations of sera 


Il. Differential Gravimetric methods 
I. Graphic method method (Protein %) 
a o_o ce oF 
Rin R, - Ret Acetate 
Serum or Zeiss Protein Zeiss Protein Acetone buffer 
plasma* 5 units % units % method method 


Horse sera 

8-92 
7-28 
6-83 
7-02 
6-90 
9-99 


Tetanus plasma 64-25 8-70 7-05 
Normal plasma 58-05 7-48 6-05 
Normal serum 54-70 6-74 5-50 
Normal plasma 55-40 6-88 5-46 
Normal serum 55-35 6-87 5-53 
Tetanus serum 71-21 10-15 8-10 


_ 
PPEPPAIS 
i 0-100 ra 
CONDO oO 


Sheep sera 


Sheep serum 46-90 5-26 4-18 5-21 5: 5-00 


Sheep plasma 47-45 5-15 4-19 5-22 s 5-17 
Sheep serum 50-97 5-88 5-03 6-25 ? 6-03 
Sheep plasma : 51-00 5-89 4-90 6-07 6-02 
Sheep plasma 50-38 5°75 4-64 5-76 5-68 


* 20 ml. blood +0-1 ml. saturated K oxalate. 
{ Dilution: 2 ml. serum +10 ml. acetate buffer. 


Table III. Protein determinations in solutions containing 
horse proteins and salt 


I. Differential method. pH 4-6 (Zeiss II. Gravimetric method. 
Dipping Refractometer) 20° Heat coagulated, pH 4-6 
v7 
Protein solution R,-R, cy Cy 
+ buffer Final Zeiss protein protein 
Protein solution ml. dilution units % % 


Tetanus serum No. 444: 
Undiluted 8-08 10-05 10-10, 10-10* 
Diluted 1: 10 : 4-41 1-005 1-010 
os 1: 20 : 2-18 0-496 0-505 
1: 50 . 0-88 0-200 0-202 
a 1: 100 ° 0-36 0-082 0-101 


Diluted horse plasmat No. 453: 


Bottle No. 1 : 5-54 B 6-98 
No. 7 2 13-35 5-52 5-54 
No. 12 5 + 2 2-52 . 0-98 


Horse albumin solution 
0-80% NaCl 10 


Horse protein solutioncon- 3 
taining (NH,),SO, corre- 
sponding to 33% satura- 
tion 

* Acetone method. + Containing Na citrate. 
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The heat-coagulation of the lipoid-free protein was carried out by means of 
acetate buffer (pH 4-6) (instead of diluted acetic acid), by heating the buffered 
protein solution for 20 min. in a covered porcelain dish on the steam-bath. 
Instead of using Gooch crucibles, the protein was collected, washed and weighed 
on filter-paper as described under ‘‘heat-coagulation”. This technique gives 
sharply reproducible results. For serial work, the porcelain dishes, used for 
heat-coagulation of protein, can be substituted to advantage by wide test-tubes 
(25x 100 mm. pyrex No. 2370). 
Discussion 

In Tables II and III the protein figures obtained with the refractometric 

and the gravimetric methods are tabulated for comparison. 


(a) Serum and plasma (Table IT) 


All gravimetric figures are averages of two determinations agreeing within 
less than 3%. For sera and plasmata of horse and sheep there is no distinct 
difference between the two gravimetric methods (cols. 7 and 8). The lipoid 
contents of these sera are therefore too small to influence markedly the protein 
figures obtained by heat coagulation at pH 4-6 (col.8). Both gravimetric methods 
agree closely with the refractometric protein figures arrived at by the differential 
method. This good agreement confirms the correctness of the numerical value of 
the constant a=0-00185 for horse serum protein and corroborates the finding 
of Gerlaugh & White [1931] that albumin and globulin have the same refractive 
properties. 

The protein figures for sera, arrived at by means of the differential method, 
are sharply reproducible. For a definite serum the (R,—,) values of single 
determinations agree within less than 0-05 scale unit. This corresponds to an 
experimental error of less than 1% of the protein figure. 

The satisfactory agreement existing between the protein percentages, deter- 
mined graphically by means of one single refractometric reading (Table II, 
cols. 3 and 4), and the gravimetric protein figures justifies the use of the graphic 
method for routine purposes. The basis of this method is purely empirical in 
contrast to the graphic method introduced for refractometric protein deter- 
minations of purified antitoxins [Siebenmann, 1933]. 

The average variation between the gravimetric and the refractometric 
(graphic) protein figures, calculated for 15 horse sera and plasmata, is less than 
+2%; the maximum variations observed are +3%. 

A simple refractometric (graphic) method can be applied for determining 
total solids of sera by means of a single refractometer reading. 

The differential refractometric method for determining protein of sera offers 
the advantage over the graphic method that it gives protein figures which are 
not influenced by the amount of non-protein substances present. 


(b) Serum dilutions and other protein solutions 


For protein determinations of serum and plasma dilutions as well as of other 
horse protein solutions, the salt content of which is not exactly known, the 
differential method is the only refractometric method available. Representative 
results obtained by this method are shown in Table IIT. 

Of a horse serum (Tetanus No. 444) with a known protein content (col. 6) 
a dilution series was prepared (Table III, col. 1). Of these serum dilutions the 
protein was determined by means of the differential method. The results (col. 5) 
are compared with the gravimetric protein figures calculated from the dilutions 
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(col. 6). There is good agreement between the refractometric results and the 
calculated protein figures down to a concentration of 0-2% protein. For still 
lower protein concentrations the differential method gives too low results. It 
seems that at such low protein concentrations heat-coagulation is not a quanti- 
tative process. 

The differential method has proved of value for protein determination in 
citrated plasma, obtained at the end-bleeding of antitoxin horses by means of 
the perfusion method (see Table III, Plasma 453). 

The application of the differential method for protein determinations in 
presence of ammonium sulphate (using the constant a=0-00185) is limited to 
solutions containing not more than 18% of this salt (corresponding to 1/3 
saturation). For horse protein solutions containing more ammonium sulphate, 
the change in the refractive properties of the horse serum protein, due to the 
presence of large amounts of salt, has to be taken into account. This point 
requires further investigation as it is of special interest for the application of 
refractometric methods in the quantitative study of antitoxin distribution in 
horse sera. 

The application of the differential method for determination of total protein 
of human serum is under investigation. 


SUMMARY 


A rapid and accurate refractometric method for determining horse serum 
protein is described, in which the refractometric change taking place during 
heat-coagulation (pH 4-6) serves as a quantitative measure of the amount of 
protein in solution. 

This method has so far been used for total protein determination of horse 
serum, plasma and horse protein solutions, the salt content of which is not 
exactly known. For solutions containing from 0-2 to 10% protein the results 


obtained are in close agreement with gravimetric protein figures. For calcu- 
lation the constant a=0-00185 for horse protein is used. 

A simple pressure device is described for carrying out heat-coagulation at 
100°, avoiding evaporation of water. 

Reiss’s method for determining serum protein by means of a single re- 
fractometer reading has been worked out for horse sera in the form of a graphic 
method. As an approximate method, it gives for routine purposes satisfactory 
agreement with gravimetric methods. 
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FLUORESCENT PIGMENT 
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From the Department of Biochemistry, University College, Nottingham 


(Received 16 November 1936) 


In a previous paper [Turfitt, 1936] an attempt was made to justify the classifica- 
tion of the pyocyaneus-fluorescens group of bacteria on the basis of their 
distinctive property of producing a diffusible, green fluorescent pigment in the 
culture medium. It was shown that this chromogenic character was remarkably 
constant on certain specified media, and further, that the fluorescent organisms 
were very closely related both morphologically and culturally. 

The isolation of the fluorescent pigment is a problem of very considerable 
difficulty as a result, not only of the very minute amounts of the colouring matter 
present in the culture, but also of the nature of the compound itself. The present 
publication describes the most successful of the many methods investigated to 
effect this isolation and includes a comparative account of the pigments from 
various fluorescent organisms. 

EXPERIMENTAL 


Culture of the fluorescent bacteria 


The organisms employed were stock cultures of B. pyocyaneus, B. fluorescens 
liquefaciens, and B. fluorescens non-liquefaciens obtained from the National 
Collection of Type Cultures, Lister Institute, London (Catalogue Nos. 1999, 964, 
3247 respectively) and in addition certain selected strains isolated from nature, 
viz. No. 3 from canal water; No. 37 from human faeces; No. 69 from uncultivated 
soil; No. 81 from snow. In each case, growth on ordinary nutrient media was 
accompanied by the diffusion of a green or greenish blue fluorescence throughout 
the culture. 

On account of the insoluble nature of the pigments in all ordinary organic 
solvents it was decided, for ease of manipulation in extraction, to employ a liquid 
medium for the mass cultures, and preferably one of a definite chemical com- 
position in order that identical conditions might be repeated. 

(1) Medium for B. pyocyaneus strains (stock B. pyocyaneus, and strains 


a NH,NO, ... .. se 1% 
K,HPO, ... ... ... ~— 0-025% 
MgSO,,7H,O ... ... 0:025% 
RE ee eye gee 
Distilled water... ai — 


The medium was sterilized by steaming in a Koch sterilizer at 100° during 1 hour 
on each of 3 successive days, the alcohol (freshly boiled) being added subse- 
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quently by means of a sterile pipette. (B. fluorescens strains were devoid ‘of 
colour when cultured upon this medium.) 
(2) Medium for B. fluorescens strains (Stock B. fluorescens, and strains 

Nos. 69, 81): 

Asparagine - aa 03% 

K,HPO, ... on en 0-05 % 

MgSO,,7H,O __.... ‘as 0-05 % 

Distilled water... ans — 


Sterilization was carried out in this case by autoclaving for 20 min. at 110°. 
(B. pyocyaneus strains, when cultured on this medium, gave good yields of 
fluorescent pigment, but very occasionally there was a slight tendency for 
traces of pyocyanine to be formed.) 

Mass cultures of each organism were prepared in 32 1. quantities, the medium 
being contained in eight 5 1. flat-bottomed flasks. After inoculation from 24-hour 
agar slants, the cultures were incubated at 25° for a period of 15 days. At the 
end of this time the medium showed a green fluorescence and a cloudiness due to 
bacterial growth. 


Extraction of pigment 


Although the ultimate object of these experiments, the determination of the 
identity or otherwise of the green pigments produced by the pyocyaneus- 
fluorescens bacteria, has been satisfactorily achieved, the insolubility of the 
pigments in all organic solvents tried (with the exception of phenol and acetic 
acid, in which they dissolve as readily as in water) rendered their isolation in a 
state of purity a matter of extreme difficulty. 

The very minute amounts of colouring matter present in the media neces- 
sitated, as a preliminary to the actual isolation process, the use of some method 
of concentration in order to obviate working with inconveniently bulky solutions. 
Adsorption of the pigment upon some suitable medium, followed by its subse- 
quent elution therefrom, seemed an attractive process for the concentration, and 
a considerable amount of work has been done with a view to determining the 
most satisfactory adsorbent (Table I). In each case 50 ml. samples of culture 
media were treated with 2 g. of adsorbent and rapidly stirred for 30 min. at a 
temperature of 20°. 

Table I. Adsorption experiments 


Adsorbent pH Adsorption Eluted by 

Alumina 4-0 Nil _ 
10-0 a — 

Silica gel 4-0 = 
10-0 ‘ as 

Kaolin 4-0 Considerable Alkali, phenol, acetic acid 
10-0 Nil — 

Norite (HCl purified) 4-0 Considerable Phenol, acetic acid 
10-0 Nil — 

Blood charcoal (B.D.H.) 4-0 Complete Phenol, acetic acid 
10-0 ” ” 


“Suma-Carb” 4-0 9 a 
10-0 99 % 


Activation of the adsorbents (by heating in vacuo in a quartz flask at 500° 
during 2 hours) increased the adsorptive power in all cases with the exception of 
“Suma-Carb”’. 

14—2 
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From Table I it is clear that charcoal has the highest adsorptive capacity of 
the substances tried, and extensive use has been made of both activated B.D.H. 
blood charcoal and “‘Suma-Carb”’. Adsorption was in general carried out from 
alkaline solution, because the completion of the process was then readily observed 
by the disappearance of the green colour. 

Earlier work on the isolation was based solely upon the elution of the 
pigment from the charged adsorbent by phenol and by glacial acetic acid. Un- 
fortunately, however, such experiments suffered from the common defect that 
the products invariably contained a considerable, though variable, percentage of 
inorganic matter. 

A projected attempt to effect a purification by direct electrodialysis of the 
contaminating salts through cellophane membranes was frustrated by the fact 
that the pigment itself migrated, under the influence of the electric current, to 
both anode and cathode compartments. In the method finally adopted 
(Table IT) this difficulty is surmounted by performing the electrodialysis on the 
entire adsorbate; under these conditions, the pigment is retained upon the 
charcoal whilst the ionized saline impurities migrate towards the electrodes. 


Table IT 


CULTURE 


| 
| Rendered alkaline with ammonia, and “Suma-Carb” added; 
allowed to settle. Decanted; filtered. 






















CHARCOAL 


FILTRATE 
discarded 


Washed; extracted repeatedly with warm dilute HCl until 
washings phosphate-free. HCl washed out with distilled water. 
Charcoal suspended in water and subjected to electrodialysis. 

Suspension filtered; charcoal dried and thoroughly extracted 

with acetic acid. Solvent removed by distillation in vacuo 

and solid finely ground and dried. 


PIGMENT 


The selection of “‘Suma-Carb” as the adsorbent in this process was decided 
on two main considerations, viz. its exceedingly high adsorbent properties, and 
the ease with which the spacing agent (chiefly Ca,(PO,),) could be removed, after 
adsorption of the pigment, by simply washing with dilute HCl. It was found 
that if electrodialysis was attempted without this previous removal of the 
spacing agent, the process was inconveniently prolonged. On the other hand, 
removal by means of HCI prior to the adsorption caused a very marked reduction 
in the adsorptive capacity of the charcoal. 

The dialyses were conducted in a wax-impregnated wooden cell with com- 
partments each measuring 12-5x10x7-5cm., separated by membranes of 
cellophane, No. 400. The outer compartments, containing the platinum foil 
electrodes each of dimensions 7 x 7 cm., were maintained by the use of cooling 
coils at a temperature of 22°. The charcoal suspension in the centre compart- 
ment was stirred mechanically throughout the experiments. 

During the course of the dialysis the current, which initially was 10 mA., 
rose gradually to 450mA. After remaining almost constant at this value for 
3-5 hours, there was a very gradual decrease down to 90 mA. over a period of 
2 days. This stage seemed to represent the limit of purification possible by the 
method, since further passage of the current over a considerable period of time 
did not cause any reduction below 90 mA. 
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The above process constitutes a great advance over previous methods, not 
only in increased yield (0-78-0-85 g. per 32 1.), but also in simplicity of operation. 
Although, admittedly, the ash content of the product is not reduced to zero, it is 
nevertheless brought to a very low order. Quantitative tests on the ash have 
shown it to consist almost entirely of CaCO,, so that the actual metal content of 
the product is practically negligible. 


Comparison of the pigments 

Thumm [1894] is reported [Lehmann & Neumann, 1931] to have described 
various properties of the pigments and to have concluded that the identical 
colouring matter was produced by all the common green fluorescent organisms. 
The proof or disproof of this statement by the use of more exact methods has 
been the main object of the present work. 

As prepared by the author, the various green pigments possess identical 
general properties. They are amorphous, greenish brown powders, readily 
soluble in water, phenol and acetic acid, but insoluble in all other organic 
solvents tried. Sullivan [1905] has stated that the green pigment is insoluble in 
chloroform, but dissolves in alcohol and ether. This, however, is undoubtedly 
erroneous, although solution of the colouring matter occurs in dilute aqueous 
alcohol. 

A dilute aqueous alkaline solution shows a green fluorescence, but on acidifica- 
tion there is obtained a colourless, non-fluorescent solution. More concentrated 
alkaline solutions, however, have a red colour whilst at the same time exhibiting 
an intense green fluorescence. A similar red colour is observed in ageing agar 
slant cultures of all pyocyaneus-fluorescens organisms, and in this connexion 
the report of Meader et al. [1925] on the red colouring matter, “‘pyorubrin’”’, is 
of considerable interest. This substance, they affirm, occurs in all cultures of 
B. pyocyaneus, whether the strains are capable of producing the blue pyocyanine 
or not, and they regard it as being as characteristic of B. pyocyaneus as pyocyanine 
itself. They further remark that the “‘pyorubrin” in ageing cultures containing 
pyocyanine is of a dull red shade and never shows the brilliant red obtained in 
non-pyocyanigenic strains. This substance is considered to be a definite pigment, 
distinct from the green fluorescent colouring matter, but they state that they 
were unable to separate them one from the other. It seems, indeed, that all the 
evidence advanced by these workers, in support of their claim for a distinct 
colouring matter, can actually be explained on the assumption that the red 
colour is due merely to an increased concentration of green fluorescent pigment. 
The dull red shade encountered in cultures containing pyocyanine is probably 
due to the concentrated fluorescent pigment together with some modified form 
of pyocyanine produced perhaps by oxidation processes. Gessard [1917], 
Mamelle [1918] and others, describe strains of B. pyocyaneus (var. erythrogenes) 
which produce a brilliant red pigment, but the nature of the colouring matters 
of these exceptional strains has as yet not been investigated. 

On distillation of the dry pigments with KOH or zinc dust, there is a copious 
evolution of ammonia, and a colourless aqueous distillate is obtained, followed 
by red-brown oily drops soluble in alcohol and ether and possessing a strongly 
basic odour. 

In view of the probable amphoteric nature of the compounds, attempts have 
been made to obtain insoluble heavy metal salts; although darkening of the 
solutions occurred on adding silver nitrate, ferric chloride, mercuric chloride etc., 
no precipitates were obtained. Attempts to prepare picrates and platinichlorides 
have likewise been unsuccessful. 
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With Millon’s reagent, an immediate positive reaction was obtained in the 
cold, suggesting that a free p-hydroxyphenyl grouping may be present. 

The majority of workers on the fluorescent pigments [Jordan, 1899; Meader 
et al. 1925; etc.] have stated that the green substance, like pyocyanine, is an 
oxidation product of a colourless leuco-base. An observation advanced in support 
of this theory is the initial production of green colour at the surfaces of cultures, 
where atmospheric oxidation can first occur; on disturbing the medium, the 
colour diffuses throughout the culture. Like Thumm [1894], however, the 
author can find no evidence for leuco-compounds. It seems probable that 
B. pyocyaneus, which is normally aerobic, would carry on its metabolic processes 
with more readiness at the surface where there was a plentiful oxygen supply, 
than in the depths of the culture where it would function as a facultative anaerobe. 
The ammonia produced at the surface by these processes would thus cause the 
development of the green colour. The following experiment demonstrates the 
correctness of this view. A 50 ml. quantity of colourless liquid medium was 
obtained by means of a pipette from the bottom of a 4-day EtOH culture of 
B. pyocyaneus, which had a definite green zone near the surface; this liquid was 
carefully transferred in equal 25 ml. quantities to each of two 50 ml. beakers. 
According to the leuco-base theory, on addition of 1 ml. hydrogen peroxide to 
one of the beakers, a green colour would be expected, whereas actually the 
liquid remained colourless. To the contents of the other beaker a little dilute 
ammonia was added; a green fluorescence was immediately obtained. 

Samples of the pigments have been gently refluxed during many hours with 
zinc and HCl but no loss of colour has been observed; on rendering alkaline the 
fluorescence at once returned. 

The name “‘bacteriofluorescein’”’ has been proposed for the green pigment 
[Lehmann & Neumann, 1931]. Whilst this is, in the author’s opinion, in- 
appropriate in that it suggests a resemblance to ordinary fluorescein which is 
more apparent than real, it is not proposed to suggest an alternative until more 
light has been thrown upon the chemical constitution. 

A. Analyses. The green pigments isolated by the dialysis procedure 
from cultures of the stock strains of B. pyocyaneus, B. fluorescens liquefaciens 
results and B. fluorescens non-liquefaciens gave closely comparable analytical 
(Table III). In each case, the data would appear to indicate the empirical 


Table III. Fluorescent pigments from stock strains 





B. pyocyaneus B. fluorescens lig. B. fluorescens non-liq. 
6 o/ o 


° /0 /O 
Cc 48-94 49-40 49-01 
H 7-02 7-38 7-15 
N 13-49 13-16 13-33 
Ash (CaCO,) 0-43 0-48 0-39 
Ca 0-17 0-19 0-16 
oO 30-38 29-87 30-35* 





Fluorescent pigments from natural strains 


Strain no. Source N (%) Ash (%) 
3 Canal water 13-46 0-76 
37 Faeces (G.E.T.) 13-30 0-69 
69 Soil 13-36 0-70 
81 Snow 13-34 0-91 


* Oxygen values calculated using Ca, not ash, percentages. 
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formula C,H,0,N. Owing to the completely insoluble nature of the pigments in . 
the solvents ordinarily employed for molecular weight determinations by the 
freezing point depression method (camphor, dioxan, etc.), this estimation was 
not attempted, especially as for the present purpose comparison of the empirical 
formulae was sufficient in itself. 

In addition to the stock cultures, various strains from nature were studied, 
isolation of the pigment in these cases being effected by an adsorption-elution 
process, referred to above as one of the earlier isolation methods. Combustions 
were not carried out on these products, but estimations of N by the micro- 
Kjeldahl method gave almost identical results; as will be seen from Table III, 
the ash contents were considerably higher than those of pigments obtained by 
the dialysis technique. 


In N/10 NaOH 


270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 
Wavelength (my) 


Fig. 1. --- B. pyocyaneus. B. fluorescens liquefaciens. --- B. fluorescens non-liquefaciens. 
e€=extinction coefficient. c=concentration (g./100 ml.). 


B. Absorption spectra. Quantitative spectrophotometric examinations of 
the pigments isolated from the three stock strains have furnished absorption 
curves which, for all practical purposes, are identical (Fig. 1). The very slight 
differences in the curves may be due to small variations in the inorganic content 
as shown by the ash values. 

The data were obtained using a Hilger All-metal Quartz Spectrograph 
(E 316) in conjunction with a Hilger Spekker Photometer; the light source 
consisted of a condensed spark between tungsten-steel electrodes. 

The concentrations of the solutions were of the order of 0-001 %, and to give 
a complete comparison of the pigments absorption measurements were made on 
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both acid and alkaline solutions. Acidification had the effect of shifting the 
absorption maximum towards the lower wave-lengths. 

A previous investigation of the ultraviolet absorption spectrum of the 
green pigment of B. pyocyaneus is described by Cluzet et al. [1921]. These 
workers isolate their product by filtering a broth culture of a non-pyocyanigenic 
strain through a Chamberland candle and evaporating the filtrate to dryness. 
They record a large band extending from 358-0 to 425-0 my, with its centre 
at 391-5 mp. 

DIscUSSION 


In view of the evidence advanced above, there can be no reasonable doubt 
as to the identical nature of the green fluorescent pigments of the pyo- 
cyaneus-fluorescens organisms. Attempts to ascertain the chemical constitu- 
tion of the substance have been hindered by the extremely small amounts 
available. The introduction of the dialysis isolation process should, however, 
do much to overcome this difficulty. 


SUMMARY 


1.. Methods are described for the isolation of the green fluorescent pigment 
of the pyocyaneus-fluorescens bacteria; although complete purification from 
inorganic salts has not been effected, the purest specimens give an ash value 
(CaCO) of less than 0-4%. 

2. Considerations of properties and analytical and spectrophotometric data 
point to the identical nature of the green pigment from the various organisms 
of the group selected at random for these experiments. 


3. The empirical formula of the pigment is found to be C,H,0,N. 

4. A well-defined band with absorption maximum 410my is obtained in 
alkaline solution; on acidification of the solution the band becomes less marked 
(maximum 370my), and is shifted towards the shorter wavelengths. 


The author wishes to express his thanks to Prof. F. 8. Kipping and Prof. 
J. M. Gulland for their interest in this work; to Dr E. R. Holiday for valuable 
technical assistance in connexion with the spectrophotometry; and to the 
Sugar Manufacturers’ Supply Co. Ltd. for a generous supply of ‘““Suma-Carb”’. 
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For instructional purposes it appears good practice to introduce into elementary 
courses of physiology and biochemistry at least some determinations of pH such 
as are readily carried out by means of the indicator-buffer method. 

The one serious difficulty which probably prevents the more general introduc- 
tion of such experiments into an elementary syllabus is the time involved in 
setting up the necessary buffer solutions to be used as standards, the use of 
the hydrogen electrode being precluded owing to its expense. Moreover, no 
buffer solutions so far devised keep indefinitely and, when made up according to 
the usual directions, their volumes are unnecessarily large and wasteful. If the 
standards are to cover an extended range, as for instance for use in plotting the 
titration curve of phosphoric acid, an added difficulty is the large number of 
solutions required when the standards are prepared according to Sorensen [1912] 
and Clark & Lubs [1916]. 

More recently some of these difficulties have been overcome by the intro- 
duction of the buffer mixtures of Prideaux & Ward [1924], and of Britton & 
Robinson [1931], both of which are obtainable commercially. Even when using 
these mixtures, however, according to the directions given by the authors, the 
methods are wasteful when only small volumes of each solution are required. 
The method described here is more economical both in time and material and 
has the added advantage that it reduces the number of measurements involved 
in the preparation of any particular standard pH solution. The method has 
been in actual use for teaching purposes in this laboratory over an extended 
period and is put forward in the belief that it will prove of value to others. 

The mixtures of Prideaux & Ward, and of Britton & Robinson, when dis- 
solved in water to a final volume of 1 litre, give practically straight line curves 
over the respective ranges pH 2-7-11-4 and 3-85-8-8 when treated with acid or 
alkali according to the formulae given.1 

The principle of the present method is to prepare stock solutions having pH 
at the limits of the range required. Solutions of intermediate pH values are 
then prepared from these by mixing them in varying proportions, the volume of 
the mixed solutions remaining constant throughout the series. For example, if 
solutions of pH 3-1 and 4-1 are available a series of solutions covering this range 
can be prepared by mixing them according to the data in Table I. 

To prepare a series of solutions, the successive members of which differ from 
one another by 0-2 pH unit, the “acid” and “alkaline” stock solutions should 
differ from one another, preferably, by pH 1-0, 2-0, 2-5, 4-0 or 5-0. If then the 

1 Prideaux & Ward’s formula is: pH =3-1+0-1185 V, where V =number of ml. of 0-2 N NaOH 
(plus) or HCl (minus) added to 100 ml. of buffer solution, with subsequent dilution to 200 ml. 
with water. 

Britton & Robinson’s formula is: pH =3-91 +0-0853 V, where V=number of ml. of 0-2 V 
NaOH to be added to 100 ml. of the buffer solution. 
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Table I 
pH required 3-1 3-3 3-5 3-7 3-9 4-1 
ml. acid constituent (pH 3-1) 10 8 6 4 2 0 
ml. alkaline constituent (pH 4-1) 0 2 4 6 8 10 


volume of mixture prepared be 10, 20, 25, 40 or 50 ml., respectively, successive 
solutions, passing from those of lower to those of higher pH, will be prepared by 
decreasing the volume of the more acid solution and increasing that of the more 
alkaline solution by 2-0 ml. for each interval of 0-2 pH unit. The advantage of 
making the pH interval between the ‘‘acid” and ‘‘alkaline”’ stock solutions as 
stated is that even if only 10 ml. of any particular solution be required measure- 
ments of the stock solutions do not involve volumes smaller than 0-1 ml. This 
will be clear from the notes on Table IT. 

For the preparation of a series of solutions differing from one another by 
pH 0-1 the interval between the acid and alkaline stock solutions should be 
pH 1-0, or a multiple of this, and the volume of mixture prepared 10 times the 
interval selected. The volume of the “acid” constituent will then be decreased 
by 1-0 ml. and that of the alkaline constituent increased by 1-0 ml. for each 
increment of 0-1 pH unit. 

It is sometimes convenient to make the stock solutions considerably more 
acid or more alkaline than are likely to be required, the pH interval between the 
solutions being determined by the volume of mixture required, the unit volume 
of mixture (that is the volume which must be prepared in order that a change of 
0-2 pH unit shall be obtained by a change of +2-0 ml. in the volume of one 
solution and of +2-0 ml. in the volume of the other) being 10 times the pH 
interval between the stock solutions. Again, if standard pH solutions over an 
extended range, but each in small quantity only, be required, it may be pre- 
ferable to prepare three stock solutions instead of two, e.g. if the whole useful 
range covered by the Prideaux and Ward mixture be required, it would be better 
to prepare stock solutions of pH 3-1, 7-1 and 11-1 and to obtain solutions at the 
acid end of the range by mixing the first two, and at the alkaline end by mixing 
the last two, than to cover the whole range by the suitable admixture of solutions 
of pH 3-1 and 11-1. In the instance cited above the solution of pH 7-1 would be 
the ‘“‘alkaline” constituent when mixtures at the acid end of the range are being 
prepared, but the “acid” constituent when mixtures at the alkaline end of the 
range are being prepared. 

For convenience in making up small quantities of solutions of definite pH 
rapidly the stock solutions can be stored in bottles each of which is provided 
with a cork carrying a 10 ml. graduated pipette. 

The solutions given in Table ITI are those most convenient to use for the determination of the 
isoelectric point of caseinogen when carried out by students as a class experiment. The series re- 
quired [Michaelis & Pechstein, 1912] ranges from pH 3-5 to 5-9; a solution of pH 3-1 is chosen as that 
of the acid constituent as this is the pH of Prideaux & Ward’s mixture when dissolved in water to 
one litre, and for use as the acid stock solution it only requires dilution with an equal volume of 
water. The pH chosen as that of the “alkaline” constituent depends on the quantity of mixture 
required. For a class of 40 students, working in pairs, four sets of standard buffer solutions are 
sufficient, each set consisting of the following ranges of tubes: (1) pH 3-5-4-3 containing bromo- 
phenol blue, (2) pH 4-1-5-3 containing bromocresol green and (3) pH 5-1-5-9 containing chloro- 
phenol red. Approximately 7 ml. of solution in each tube are sufficient for comparison purposes, 
so that for solutions which are put up with one indicator only 28 ml. are actually required for the 
four sets, and for those (pH 4-1, 4-3, 5-1, 5-3) which are set up with two indicators 56 ml. are 
required. To these quantities a little extra should be added in order that some of each solution 
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may be held in reserve. Suitable “acid” and “alkaline” stock solutions would thus be pH 3-1 and 
7-1. The requisite volume of each of these may be measured from a burette into boiling tubes, 
40 drops of the appropriate indicator being added and approximately 7 ml. of each mixture poured 
into four series of test tubes, 


Table IT 


ml. of “acid” solution (pH 3-1) required when pH of 
“alkaline” constituent is 





ml. , 
pH “alkaline” 4-1 5-1 5-6 6-1 71 
required constituent (1) (2) (3) (4) (5) 
0 10 Z 25 30 40 
2 23 28 38 
4 5 j 21 26 36 
6 19 24 34 
8 ‘ ‘ 22 32 
10 20 30 
12 ‘ 18 28 
14 16 26 
16 ¢ 14 24 
18 2 12 22 
20 i 10 20 
22 j 8 18 
24 6 16 
26 4 14 
28 12 
30 10 
32 - 8 
34 - 
36 
38 
40 
42 
44 
46 
48 
50 
Total volume of “acid” con- 
stituent required to make 
up the whole range possible 
by admixture with “alka- 
line” constituent 
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Notes on Table II 


1. It will be clear from what has been said that Table II can be extended to pH 11-1 by the 
use of Prideaux and Ward’s mixture. 

2. If only 10 ml. of each pH solution are required, the figures in columns 2, 3, 4, 5 and 6 will 
be divided by 2, 2-5, 3, 4 and 5 respectively, the volumes so obtained being made up to 10 ml. by 
the addition of the appropriate “alkaline” constituent. 

3. From the Table it can be seen why an interval of 3 pH units between the “acid” and 
“alkaline” stock solutions is not suitable when only 10 ml. of mixture are required, for then the 
volumes of acid constituent become 10, 9-33, 8-66, 8-00, 7-33 ml. ete. 

4, The total volume of the alkaline constituent required to make up the whole range possible 
from any two stock solutions will be the same as the volume of the acid constituent required (see 
figures at the foot of columns (1), (2), (3), (4), (5) and (6)). 


SUMMARY 
A method by which a series of standard buffer solutions may be prepared is 
described. The method has various advantages over those at present in use. 
These are: 
1. The ease and rapidity with which solutions of any desired pH can be 
prepared from two stock solutions. 
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2. The method described here necessitates the storage of two or three 
solutions only, and of these only those strongly alkaline (e.g. pH 11-1) need be 
stored in a paraffined bottle. 

3. The volume of mixture made up is known so that the correct amount of 
indicator can be added without further measurement. 

4. The method is specially suitable for the preparation of standard buffer 
solutions for class experiments for which a particular range may be required only 
once or twice during the year, and then, perhaps, only in small quantities. 
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XXVIII. THE VITAMIN C CONTENT OF 
COW’S MILK 


By STANISLAW KAZIMIERZ KON anp MEARNS BRUCE WATSON 
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(Received 8 December 1936) 


Ir has been shown in a previous paper [Kon & Watson, 1936] that vitamin C may 
be present in milk in two forms, as ascorbic acid and as dehydroascorbic acid. 
Both are biologically active, but the latter does not react with the indophenol 
reagent unless treated with H,§, is labile and undergoes spontaneous decomposi- 
tion associated with loss of biological activity. Under the action of light the 
reduced form of ascorbic acid present in milk is reversibly oxidized to dehydro- 
ascorbic acid. 

The present paper deals with the state in which vitamin C is secreted by the 
cow and presents estimations of the vitamin C content of herd milk at different 
times of the year under south of England conditions. 


EXPERIMENTAL 


A description of the methods used in estimating ascorbic and dehydro- 
ascorbic acids in milk will be found in the paper by Kon & Watson [1936]. 


(1) The state in which vitamin C is secreted by the 
mammary gland of the cow 


For the purpose of this investigation it was necessary to obtain milk directly 
from the udder without any exposure to light. The rubber lining of a teat cup of 
a milking machine was slipped over the teat and its other end was placed in a 
milk bottle wrapped in black paper. The milk was then milked into the bottle 
and the vitamin C titration was carried out at once. All operations were done 
with the least exposure to light. The results of several estimations are given in 
Table I which shows that milk as it leaves the normal udder contains only the 
reduced form of ascorbic acid. 


Table I. The reduced (R) and total (T,, reduced and reversibly oxidized) 
ascorbic acid of milk immediately after milking in the absence of light 


mg. of ascorbic acid in 100 ml. 


Cow Ascorbic acid 
erate 
Name Breed 

Flora 16 Shorthorn 
Pippin ” 
Flora 31 es 
Campion 2 a 
Rosey 8 Guernsey 
Rosalie 8 ” 
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Average 2-17 
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(2) The vitamin C content of milk at different times of the year 


For the purpose of this investigation “‘sale’’ milk! was obtained from the 
Institute’s dairy immediately after passing over the cooler, shortly after the 
morning milking. The milk was from a mixed herd of Shorthorns and Guernseys, 
which during the time covered by the experiment consisted of 26 Shorthorn and 
3 Guernsey cows. All samples were handled in a uniform way with the same 
amount of exposure to light. Estimations were carried out once or twice a week, 
but daily measurements were taken for a fortnight after the cows were turned out 
to grass in spring. The estimations of reduced and total ascorbic acid are given 
in Fig. 1. There is no evidence of any effect of pasture feeding on the level of 
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Fig. 1. The vitamin C content of herd milk at different times of the year. 





vitamin C in milk. The average figures work out at 2-06 and 2-37 mg./100 ml. for 
milk from stall-fed cows and 2-06 and 2-35 mg./100 ml. for pasture milk res- 
pectively. 






(3) The vitamin C content of colostrum 


The relatively very high concentrations of carotene and vitamin A in colo- 
strum as compared with milk [Dann, 1933; Semb ef al. 1934] made it of interest 
to investigate the level of vitamin C in the colostral secretion. 

Table II presents the results of such estimations in the case of 4 cows, while 
the average values are plotted in Fig. 2. 
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Fig. 2. The vitamin C content of colostrum, average curves for 4 cows. 
—-- Total ascorbic acid. ——- Reduced ascorbic acid. 








In three cases out of the four studied the vitamin C content of colostrum is 
higher than the average for the milk of the Institute’s herd. The fourth colostrum 
contains definitely less vitamin C. The high values drop rather suddenly after 
1 Grade A (T.T.). 
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Table II. The vitamin C content of colostrum 
R, reduced; T, total ascorbic acid in mg. per 100 ml. 


Lottie 7 Lottie 9 Winnie 6 
Days Shorthorn Shorthorn Shorthorn 
after 
calving R R 
2-34 2-60 
2-50 


1-93 

1-51 1-93 

1-31 1-71 

1-79 1-86 
2-26 


1-27 
1-41 1-82 
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2 days at most to a level lower than the normal average. Lack of information 
does not allow us to say whether this is a transient depression or whether the 
milks of these particular cows contained permanently less vitamin C. It is 
evident that the difference between colostrum and milk is much smaller in the 
case of vitamin C than in the cases of vitamin A and carotene. 


(4) Effect of breed 


Judging from the figures in Tables I and II the vitamin C content of 
Guernsey milk is the same as that of Shorthorn milk. The few estimations can 
be taken only as an indication. 


(5) Vitamin C in mastitis 


A solitary estimation of the vitamin C content of the milk secreted by a 
normal and an infected quarter of the udder of a cow suffering from mastitis has 


given results sufficiently interesting to be included in this paper. The diseased 
quarter was found to give milk definitely poorer in vitamin C than that secreted 
by the normal quarter. The values were 2-19 mg./100 ml. of reduced and 2-48 
mg./100 ml. of total ascorbic acid in the normal and 1-44 and 1-87 mg./100 ml. 
respectively in the infected quarter. 


Discussion 


The finding that the level of vitamin C in mixed milk is remarkably constant 
and independent of the season and the nutrition of the cow is in agreement with 
reports from other laboratories which have made use of the dichlorophenol-indo- 
phenol reagent [Harris & Ray, 1935; van Wijngaarden, 1935; Riddell et al. 1936]. 

-It is true that Rasmussen et al. [1936], who also used the reagent, express the 
opinion that “after the first two months of lactation, the ascorbic acid content 
of milk is apparently dependent solely upon the ascorbic acid content of the diet 
of the cow”. This opinion however is not based on experimental evidence, as 
throughout the experiment the diet of the cows remained unchanged. The 
authors have obviously not considered the possibility of a synthesis of vitamin C 
by the cow. They report values for the vitamin C content of milk definitely 
lower on the whole than those found by us and by van Wijngaarden [1935] and 
Riddell et al. [1936]. It seems probable that their observations have been com- 
plicated by exposure of the samples to light, especially as some of them were 
stated to have developed a cardboard flavour on standing. Marked seasonal 
variations have been reported by Stoerr [1936], who used the Bezssonoff reagent. 
These findings have not so far been confirmed. 
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SUMMARY 





1. The healthy mammary gland of the cow secretes vitamin C only in the 
reduced form. No reversibly oxidized ascorbic acid is found in the milk as it 
leaves the udder. 

2. Under south of England conditions, the season of the year and the nutri- 
tion of the cows have no effect on the vitamin C content of herd milk. The 
average figures for sale milk from a herd composed of about 26 Shorthorn and 
3 Guernsey cows work out at 2-01 mg. of reduced and 2-37 mg. of total ascorbic 
acid per 100 ml. of milk during the stall-feeding period and 2-06 and 2-35 mg./ 
100 ml. respectively on early pasture. 

3. The vitamin C content of colostrum is only slightly higher than that of 


milk. 


Our best thanks are due to Miss D. V. Dearden for much help in obtaining the 
samples of milk. 
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XXVIII. THE DEPOT FAT OF VARANUS 
SALVATOR (LAUR.) 


By THOMAS PERCY HILDITCH anp HARRY PAUL 
From the Department of Industrial Chemistry, University of Liverpool 


(Received 10 December 1936) 


A portion of the abdominal fat of a very young kabaragoya, or Ceylon lizard 
(Varanus salvator Laur.), placed at our disposal by Dr R. Child, has been 
examined, and its component acids have been found to be intermediate in 
character between those of land and marine animals, thus supporting recent 
observations on amphibians and reptiles by Klenk [1933; Klenk e¢ al. 1935] and 
Hilditch & Lovern [1936]. Varanus salvator Laur. is a large lizard found in 
marshy localities in many parts of south-eastern Asia; it enters water readily 
and it is carnivorous, feeding on fish, snakes, birds, eggs, carrion etc. 

The fat was almost completely liquid at 20°, was golden yellow in colour and 
had the following characteristics: sap. equiv. 283-9, iodine value 70-8, un- 
saponifiable matter 1-6 %, acid value 4-5. Rae [1922] found values as follows for 
an older specimen of kabaragoya from Ceylon (under the name of Hydrosaurus 
salvator Laur.): sap. equiv. 285-7, iodine value 63-4, unsaponifiable matter 0-8 % , 
acid value 2-2. 

The total fatty acids (54-6 g.) from the hydrolysed fat were submitted to the 
usual lead salt-alcohol separation, and the “solid” and “‘liquid”’ acids obtained 
were separately converted into methyl esters and fractionally distilled in a 
vacuum, with the results shown in Table I. 


Table I. Fractional distillation of methyl esters 





(i) Of “solid” acids (ii) Of “liquid” acids 
No. ge Sap. eq. LY. No. g- Sap. eq. Iv. 
81 1-62 262-6 0-3 Ll 9-45 264-5* 63-2 
82 2-71 267-3 0-5 L2 3-10 288-2 94-8 
83 3°74 272-3 0-8 L3 2-86 290-2 100-9 
S84 4-26 276-3 1-1 L4 2-95 292-0 106-9 
85 4-03 281-2 1-7 L5 3°81 293-7 112-9 
86 3-53 292-3 9-9 L6 3-42 296-4 120-9 
19-89 L7 3-82 300-7 137-5 
L8 4-63 308-8t 153-4 

34-04 


* Saturated esters in L1, sap. eq. 255-4, 
+ Esters of L 8, freed from unsaponifiable, sap. eq. 300-7, 1.v. 150-7. 


The data in Table I led to the figures for the component acids given in Table IT. 
Table II. Component fatty acids of abdominal fat of Varanus salvator Laur. 


Total component acids 





“Solid” “Liquid” — 
acids acids Mean un- 
(36-1% (63-9%) % (wt.) % (mol.) saturation 
Myristic 1-2 3-0 4-2 5-0 — 
Palmitic 24-0 5-3 29-3 30-7 a 
Stearic 9-8 — 9-8 9-3 — 
C,, unsaturated -- 12-3 12-3 13-0 (-2-0 H) 
C,, unsaturated 1-1 38-5 39-6 37-8 (-2-7H) 
C.) unsaturated — 4-8 4:8 4-2 (-5-5 H) 
Biochem. 1937 xxxI ( 227 ) 15 
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Klenk et al. [1935] have recorded the component acids of the peritoneal fat 
(1.v. 75-77) of a mature lizard of unknown origin (possibly Varanus salvator 
Laur.) which died in captivity in the Leipzig zoological gardens; the results of 
this analysis are compared with our present figures in Table ITI. 


Table ITI 





Klenk e¢ al. Hilditch & Paul 
Myristic + 4 
Palmitic 18 29 
Stearic % 10 
C,, unsaturated 10 (-—2-0 H) 12 (-2-0 H) 
C,, unsaturated 56 ( —2-4 H) 40 (-—2-7 H) 
Cy) unsaturated 5 (-5-5 H) 5 (-5-5 H) 


Our present data fully confirm the characteristics of the lizard fatty acids as 
intermediate between those of land and aquatic animals; the presence of 12% 
of palmitoleic acid and of small amounts (5%) of Cy) unsaturated acids is reminis- 
cent of the “aquatic” type of fat, whilst the high content (43%) of saturated 
acids (chiefly palmitic and stearic) is equally similar to that in the fats of land 
animals. There is also a general resemblance between these figures and those 
of Klenk e¢ al.; the mean unsaturation of the unsaturated acids is almost the 
same in each case. The component acids of the fat from the present specimen, 
however, contained 14 °% more saturated acids than were observed by the latter, 
this increase being wholly compensated for by diminution in the C,, unsaturated 
acids as compared with the previous study. It is not very profitable to speculate 
on the cause of this difference (which is quite possibly connected with the diet of 
the animals) in the absence of definite information as to the food taken in 
each case. The palmitic acid content in our analysis approaches the value of 
30 % which we have previously found to be the characteristic and approximately 
constant proportion of this acid in the fats of land animals, whereas the lower 
proportion of palmitic acid observed in the fat of the lizard kept in captivity 
resembles rather that in fish oils. It may be significant that, whilst the propor- 
tions of palmitic, stearic and C,, unsaturated acids are thus different, those of 
the C,, and C,) unsaturated acids persist almost unchanged (and at the same 
state of mean unsaturation) in both specimens. 

Occasion may be taken to point out that, as a result of recent studies by a 
large number of investigators, detailed analyses of component acids are now 
abundant in the cases of seed and pericarp fats in the vegetable kingdom and of 
fish and other aquatic animal fats, while data for an equally comprehensive range 
of land animal species are lacking. It is clearly desirable that depot fats from as 
wide a variety as possible of land animal species should also be submitted, as 
opportunity permits, to quantitative examination as regards their fatty acids. 
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XXIX. DETERMINATION OF 
BLOOD POTASSIUM 


By RICHARD TRUSZKOWSKI anp RAYMUND LULL ZWEMER 


From the Department of Anatomy, College of Physicians and 
Surgeons, Columbia University 


(Received 15 December 1936) 


THE authors’ method [1936] for determination of potassium in 0-2 ml. of plasma 
gave fairly satisfactory results at room temperatures between 17 and 22°. 
Below 17° crystals of sparingly soluble AgNO, separated out, whilst above 22° 
the amount of precipitate recovered diminished rapidly. The method, therefore, 
was impracticable under New York summer conditions (temp. range 30-40°). 
Furthermore, its accuracy was low, for the maximum difference between dupli- 
cates was 10%. We have therefore examined each stage of the procedure with 
a view to rendering it independent of outside temperature variations and to 
increase its accuracy. Unless otherwise stated, all the results given below are the 
mean of two concordant values. 


I, CRITICAL ANALYSIS OF THE PREVIOUS METHOD 


As previously described, the method consisted of the following stages: 


A. Precipitation of K argenticobaltinitrite. 
B. Washing of precipitate. 

C. Decomposition of precipitate. 

D. Colorimetry. 


A. Precipitation 


(1) Ag content of systems. The effect of varying the Ag content of the systems 
was studied at 0° and at 20°. The reagent was prepared by adding one volume of 
aq. AgNO, of different concentrations to ten of the sodium cobaltinitrite solution 
(see previous paper [1936]), shaking and filtering. 2 ml. portions of the filtrates 
were added to a series of 15 ml. graduated pyrex centrifuge-tubes, each contain- 
ing 0-1 mg. K in 5 ml. water, giving a range of concentrations of 0-23-2-00 % 
AgNO, in the final systems. The tubes containing 0-23-0-54°% AgNO, were 
centrifuged after 2 hours at 0° and the higher AgNO, concentrations after 
2 hours at 20°. Recovery was determined, taking the tubes containing 0-45 % 
AgNO,, and kept at 0° as standards. Crystals of AgNO, separated out in certain 
of the tubes, and these were not further analysed. 

The results, given in Table I, show that recovery was greatest with 
0-45-0-54% AgNO, and precipitation at 0°. Determination of potassium is not 
possible when the concentration of AgNO, exceeds 0-54% at 0° or 1% at 20°. 
This experiment shows, incidentally, that presence of Cl- in the solution to be 
analysed would, by reducing the effective concentration of Ag, lead to low results 
being obtained. This might possibly be the case when a condition of hyper- 
chloraemia exists. 


( 229 ) 15—2 
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Table I. Effect of varying AgNO; concentration of systems 
Apparent recovery of K (mg.) at 


Cone. of 

0° 20° AgNO; % 
0-072 — 0-23 
0-1 0-01 0-45 
0-1 _ 0-54 
(AgNO,) 0-037 0-64 
_- 0-045 0-73 
— 0-049 0-91 

— 0-049 1-0 
— (AgNO,) 1-25 and 2 


(2) Temperature of formation of precipitate. K was determined in a number 
of systems, each containing 0-1 mg. K in 6 ml. solution, and 2 ml. reagent 
(0-45 °% AgNO,), which were maintained for 2 hours at 2-37° before being 
centrifuged. The final colorations obtained were compared with that given by 
the system maintained at 2°. It appears (Table II) that the recovery varies 
little from 2 to 8°, and then falls rapidly with increasing temperature to only 
15% at 37°. 


Table II. Effect of varying temperature of precipitation. 
All tubes contain 0-1 mg. of K. 
Temp. 2° 8° 21° 30° 37° 
Apparent K content 0-1 0-098 0-075 0-043 0-015 


(3) Prevention of flotation of precipitate. The precipitate has a tendency to 
adhere to the walls of the tube, and to float on the surface of the solution, thereby 
leading to losses in the process of siphoning off. Breh & Gaebler [1930] recom- 
mended adding the reagent to warmed systems but did not exactly specify the 
temperature. Kerr [1926], in the determination of K as KNa cobaltinitrite, 
added octyl alcohol to the solutions before centrifuging. The following experi- 
ments were performed in order to determine the conditions under which flotation 
could best be eliminated. 

2 mJ. reagent were added to a series of tubes containing from 0-008 to 0-1 mg. 
K in 6 mJ. solution. The temperature of the solutions at the moment of adding 
the reagent varied from 20 to 65°. The systems were allowed to stand 1 hour at 
room temperature (20°), and were then kept at 4° for 12 hours. 0-5 ml. saturated 
aqueous octyl alcohol was then added to certain of the tubes, and all tubes 
were centrifuged. The colorations obtained were compared with that given by 
a 0-1 mg. standard, precipitated at 65° without octyl alcohol. The results 
(Table III) indicate that apparent recovery varied inversely with initial 


Table IIT. Effect of varying temperatures at which cobaltinitrite reagent is 
added, and of adding octyl alcohol 


Standard: 3-lmg. K, at 65°. 


mg. K found in systems containing 


aqueous octyl 
alcohol added 


Temp. 0-08 0-04 0-02 0-008 Remarks 
65° 0-076 0-019 0-009 0 _ 
50° 0-082 _- — — = 
40° 0-080 —_— — ~— 
20° 0-086 — ae ae 
65° 0-083 — 0-5 ml. saturated 
0-010 
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temperature, and that the highest values were obtained by precipitation at room 
temperature with addition of octyl alcohol immediately before centrifuging. 

(4) Duration of precipitation. It appeared from certain preliminary experi- 
ments that the duration of precipitation of 2 hours, as proposed by Breh & 
Gaebler, was inadequate. Moreover, it would be more convenient if this process 
were to take place overnight. Accordingly, 2 ml. reagent (0-45°% AgNO,) were 
added to a number of tubes containing 0-04-0-1 mg. K in 6 ml. solution at 50°, 
and K was determined after 2 or 18 hours at 4°. The results (Table IV) show that 
practically quantitative recovery was obtained after 18 hours, but not after 


2 hours. 
Table IV. Effect of varying duration of precipitation 


Standard: 0-1 mg. K, left at 4° for 18 hours. 
mg. K found with precipitation time of 


mg. K taken 2 hours 18 hours 
0-1 0-069 0-1 
0-06 0-0292 0-0592 
0-04 0-0133 0-0349 


(5) Temperature of centrifuging. K was determined in systems containing 
0-04-0-16 mg. K in 6 ml., precipitated at 0° for 16 hours and centrifuged at 17, 
21 and 28°. The differences between the results were negligible, showing that 
temperature of centrifuging does not significantly affect the results. 


B. Washing of precipitate 

Breh & Gaebler recommend three washes, centrifuging for 15 min. after 
addition of each portion of wash-water. The effects of shortening the time of 
centrifuging and of shaking the precipitate with the wash-water were in- 
vestigated. 

It was found that, taking 0-1 mg. K, only 0-075 mg. was recovered in shaken 
systems, and taking 0-06 mg. K, only 0-04 mg. It is important, therefore, when 
adding the wash-water, to disturb the precipitate as little as possible. 

Reducing the duration of centrifuging from 15 to 5 min. did not affect the 
results obtained for 0-04-0-1 mg. K. If the wash-water is very carefully added, 
the centrifuging may even be entirely dispensed with, but with multiple deter- 
minations less time is required when the water is added more rapidly, and one 
batch of tubes is centrifuged whilst the other is being washed. 


C. Decomposition of precipitate 

The washed precipitate is heated with NaOH, in order to break up the 
complex and liberate the NO, groups as NaNO,. The method previously used 
involving boiling the precipitate with 5 ml. 0-2N NaOH, cooling and diluting 
to 6 ml., was laborious and time-consuming. Robinson & Putnam [1936] advise 
heating at 100° for 10 min. This was found to give good results if the tubes are 
shaken before being placed in the water-bath. Thus, in a series of tubes con- 
taining 0-1 mg. K in 6 ml. solution and 2 ml. reagent (0-45% AgNO,), the 
recovery was 0-1 mg. in shaken, and 0-086 mg. in unshaken tubes. 


D. Colorimetry 
(1) Reagents. Robinson & Putnam recommended the addition of mixed 
Griess reagents for determination of HNO,. It was found that equal coloration 
is obtained whether the Griess reagents are added separately or ready mixed, 
and since the latter procedure is the simpler, it was adopted. 
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(2) Time necessary for development of colours, and permanence of coloration. 
Griess reagents were added to a solution of HNO,, and the coloration obtained 
was compared with that of a similar solution to which the reagents had been 
added an hour previously, and which had been set at a level of 20 in the colori- 
meter. The reading was 27-5 after 1 min., 22-5 after 2 min., 20 after 5 min. and 
20 an hour later, indicating that full development of colour takes place within 
5 min., and that the coloration does not change over 2 hours. The colour fades 
fairly rapidly when the solution is continuously exposed to intense illumination, 
as is shown by the following experiment. Griess reagents were added to a solution 
of HNO,, and the coloration was read against itself after 5 min., and at intervals 
up to 60 min. The solution in one cup, with constant illumination, was kept as the 
standard (at 20), and that in the other cup was changed before each reading. 
The fading of the illuminated solution is illustrated by the following: 


Duration of illumination 0 5 10 15 22 28 40 60 min. 
Colorimeter reading of 20 20 19-5 18-5 17-5 17-0 15-5 13-5 
unilluminated solution 
The intensity of coloration fell to 67-5 % of the initial value after 60 min. of 
illumination, but remained constant for at least 5 min. The standard solution 
should be replaced fairly frequently. 


II. ImproveD METHOD 


On the basis of the above study, the following method was elaborated 
whereby 48 potassium determinations may be performed during 8 hours. 

A. Reagents. These are the same as previously reported, except that 1 volume 
of 40% AgNO, is added to 20, instead of 10, volumes of the Na cobaltinitrite 
solution, and the 3 ml. of Griess reagents are mixed before adding, instead of 
adding each separately. 

B. Procedure. 2 ml. of freshly prepared cobaltinitrite reagent are added to 
48 tubes each containing 5 ml. of the solution to be analysed at room tem- 
perature. The tubes are placed in a water-bath ; an hour later ice is added, and the 
water-bath is left in a refrigerator overnight. In the morning 0-5 ml. of saturated 
aqueous octyl alcohol is added to all tubes. Twenty-four tubes are centrifuged 
for 15 min. at 2500 r.p.m. The supernatant fluid is removed, 0-2 ml being left 
behind, and 7 ml. of water are added thereto. The remaining 24 tubes are 
centrifuged and washed, the washing, alternately with the first batch, being 
repeated three times. To the washed precipitate 4-5 ml. of 0-2N NaOH are 
added, the tubes are shaken, placed in a water-bath at 100° for 10 min. and then 
cooled to room temperature. The volume is made up to 6 ml., and the tubes are 
again centrifuged for 5 min. It is advisable to compare the amount of pre- 
cipitate in the tubes with that in the standards before adding NaOH, as this 
allows one to estimate the amount of final centrifugate which should be taken for 
colour development. 1 ml. of the standards (0-1 mg. K) and 0-5-5 ml. of the 
other solutions are transferred to a series of 50 ml. volumetric flasks containing 
approximately 15 ml. 10 % acetic acid, 3 ml. of mixed Griess solution are added, 
and the volume is made up to 50 ml. The colorations are read against the 0-1 mg. 
standard, set at 20, changing the standard after every six determinations and 
illuminating only during the actual reading. 

It will be seen from Table V that theoretical results were obtained for 
amounts of from 0-01 to 0-1 mg. K, duplicate determinations not varying by 
more than +2% from the mean. 
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Table V. Results obtained using revised method 


No. of determinations 12 8 2 8 10 4 2 

oe et {Taken 0-10 0-060 0-050 0-040 0-020 0-010 0-008 
si | Found 0-10 0-060 0-050 0-040 0-021 0-010 0-007 

Max. variations 0-091-0-11 0-054-0-071 =~ 0-037-0-044 0-019-0-:023 — — 


C. Application to determination of K in blood. 0-2 ml. plasma is transferred 
to a tube containing 10-1 ml. of water, 0-3 ml. of 10% Na tungstate, 0-3 ml. of 
2/3 N H,SO,, and 0-1 ml. of 5% AgNO, are added. The mixture is shaken and 
centrifuged, and two 5 ml. samples of centrifugate are taken for K determination, 
as above. The K content per 100 ml. of plasma is given by 110 S/RV, where S 
is the level at which the standard is set, R is the reading and V is the number of 
ml. NaOH centrifugate taken for colour development. 

Determinations of the K content of 12 samples of heparinized plasma from 
6 normal human subjects (from the finger or ear) gave a mean value of 19-9 mg. per 
100 ml. (varying from 16-7 to 23-0 mg.). This result is substantially identical 
with that found by other authors, using different methods. 

The amount of K present in 0-2 ml. normal plasma is approximately 0-04 mg., 
so that 5 ml. of centrifugate would contain about 0-02 mg. Since 0-01 mg. K 
may be determined with sufficient accuracy, it follows that in cases of necessity 
as little as 0-1 ml. of plasma might be taken for the duplicate determination. 


SUMMARY 


1. A method is described whereby amounts of from 0-01 to 0-1 mg. K may 
be determined, with practically theoretical recovery. 

2. Application of this method to blood makes possible the determination of 
K in 0-1-0-2 ml. plasma (duplicate determinations). Blood from the finger or 
ear may therefore be used for the purpose. 
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THE method of Hagedorn & Jensen [1923] was originally standardized for 
glucose and is widely used for the estimation of sugar in blood. The method 
depends upon the reduction of ferricyanide by the sugar, the excess ferricyanide 
being estimated iodimetrically. A water blank is carried out for each series of 
estimations and the sugar present calculated from the difference in thiosulphate 
titrations. The standardization has been extended to maltose [Hanes, 1929], 
invert sugar [Callow, 1930], fructose and mixtures of these sugars [Hulme & 
Narain, 1931], but not, so far as the author is aware, to galactose. During 
studies on the fermentation of galactose by bacteria, it became necessary to 
estimate solutions of 0-002-0-001_M in the presence of bacteria and nutrient 
salts; as the reducing power of galactose towards ferricyanide is less than that 
of glucose, it was necessary to standardize the method for this sugar. The method 
described below is suitable for the estimation of amounts of galactose from 0-1 
to 0-4 mg. but is not reliable for amounts less than 0-1 mg. The bacteria are first 
coagulated by heating with zinc sulphate solution and are filtered off before the 
estimation of the sugar. 

Standardization. The procedure is ‘hat described by Cole [1933] with a few 
modifications of detail. 

The thiosulphate solution was prepared freshly every day from a stock 
solution about 0-1N. This solution was initially standardized by two methods 
and then checked every few days. The ferricyanide solution was prepared from 
the recrystallized salt and other solutions were prepared from chemicals of 
Analar quality as supplied by British Drug Houses, Ltd. 

The method as a whole was checked against known glucose solutions. 

Standard solutions of galactose were prepared from a pure product for which 
I am indebted to Dr D. J. Bell of this Laboratory. This was prepared by the 
hydrolysis of pure 8-methylgalactopyranoside, M.P. 177—178°, and recrystallized 
from 97% alcohol. [«]p at equilibrium, +81-8° (c=5, /=4). The crystals were 
stored in a vacuum desiccator. 

The coagulated bacteria were removed by filtration through small filter- 
papers previously washed with 3 ml. of boiling distilled water. 

It is essential that a water blank be performed for each set of experiments 
and this blank must be taken through all the steps used for the sugar solutions. 
Omission of the initial heating and filtration leads to a considerable error in the 
result. 

Subtract the ml. of thiosulphate required for the estimation from that 
required for the water blank. If this be equal to D, then the amount of galactose 
present in the sample taken is given by reference to Table I. 
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Table I. D (ml. 0-005N sodium thiosulphate): mg. galactose 


0-00 0-01 0-02 0-03 0-04 0-05 0-06 0-07 0-08 
0-097 0-099 0-102 0-104 0-106 0-109 0-112 0-115 0-117 
0-122 0-125 0127 0-130 0-132 0-135 0-137 0-140 0-142 
0-148 0-150 0-153 0-156 0-158 0161 0-164 0-166 0-169 
0-174 0-176 0-179 0-182 0-184 0-187 0-189 0-192 0-194 
0-200 0-202 0-204 0-207 0-210 0-212 0-215 0-217 0-220 
0-225 0-228 0-230 0-233 0-236 0-238 0-241 0-243 0-246 
0-251 0-253 0-256 0-258 0-261 0-264 0-266 0-269 0-272 
0-277 0-280 0-282 0-285 0-288 0-291 0-294 0-296 0-299 
0-305 0-307 0-310 0-312 0-315 0-318 0-321 0-324 0-326 
0-331 0-334 0-336 0-339 0-342 0-345 0-348 0-350 0-353 
0-359 0-361 0-364 0-366 0-369 0-372 0-375 0-378 0-380 
0-386 0-389 0-391 0-394 0-397 0-400 0-402 0-405 0-407 
0-413 0-416 0-419 0-421 0-424 0-427 0-429 0-432 0-435 


re 
o 


ee ee ee ee 
Oak do toe 


SUMMARY 


A method is described for the estimation of amounts of galactose between 
0-1 and 0-4 mg. in the presence of bacteria. 
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Ir has been shown by Evans et al. [1933] that under certain conditions the 
heart utilizes lactic acid supplied by the blood circulating through it in pre- 
ference to glucose; on the other hand, it is believed that the skeletal muscles 
normally draw upon the blood glucose for their supply of carbohydrate. Both 
heart and skeletal muscle contain reserve carbohydrate in the form of glycogen, 
and it seemed possible that the glycogenase in the two situations might form 
different products when acting on this polysaccharide. Barbour [1929] in- 
vestigated the action on glycogen in vitro of the glycogenase of the skeletal 
muscles of the rabbit and found that the sole product of hydrolysis is a reducing 
trisaccharide. Carruthers & Lee [1935] and Carruthers [1935] do not agree that 
a trisaccharide is the sole product; these authors obtained evidence that a 
disaccharide may be formed, and complete breakdown to glucose may also 
occur. The products isolated were amorphous, and the identity of any one could 
not be established with certainty. The action of the glycogenase from heart 
muscle does not appear to have been investigated. Dogs were used in the present 
work in order to have available from a single heart a sufficient quantity of 
enzyme for several experiments. The glycogen used was prepared from rabbit 
liver and purified according to Barbour’s description. The investigation has been 
purely qualitative; after a series of trials had shown that a glycerol extract 
of the dog’s heart muscle was capable of hydrolysing glycogen in vitro, no 
attempt was made to determine the optimum concentration of glycogen, enzyme 
or hydrogen ions; it was assumed that they are not widely different in the dog 
and the rabbit. Identification of the main product of hydrolysis proved to be 
difficult; not only had the carbohydrate to be separated from glycerol and 
protein, but the hydrolysis of glycogen in vitro is likely to give rise to traces of 
sugars other than the main product, and these tend to prevent the latter from 
crystallizing. 
EXPERIMENTAL 

The animal was stunned electrically, the throat was cut, and the heart was 
removed, minced in an ice-cold mincer and weighed. A glycerol extract was then 
made by the method of Hunter & Dauphinee [1924]. Since no details are given 
in Barbour’s paper of the precise conditions under which hydrolysis of glycogen 
was effected in the experiments in which the trisaccharide was isolated, his 
Table V was relied upon: the figures in this table show that with a 2% glycogen 
solution in the presence of phosphate buffer pH 6-3, the disappearance of glycogen 
is almost complete in 36 hours. In the present work 2% glycogen was also used, 
and the action of the enzyme was allowed to proceed for 40 hours. For the 
isolation of the product formed it was found advantageous to work on a com- 
paratively small scale, using 20 ml. 2% glycogen, 10 ml. phosphate buffer, 
pH 6-3, 10 ml. glycerol extract of muscle and 2 ml. toluene. The mixture, in a 
( 236 ) 
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small flask closed with cotton wool, is maintained at 37° for 40 hours, with 
occasional shaking; 50 ml. water are then added and the precipitate may be 
readily removed by filtration. The carbohydrate is then separated by the lead- 
barium method [Winter, 1930] with the following modifications. 5 ml. of a 
saturated solution of lead acetate are used ; the precipitate is invariably colloidal 
at first, and no way of avoiding this has been found. After 3 or 4 days at a low 
temperature the precipitate aggregates sufficiently to be removed in a high- 
speed centrifuge. The alkaline lead precipitate is washed once only with 75% 
alcohol and dried. After treatment of the dry precipitate with sulphuric acid, 
alcohol is added to 70%. The precipitate which forms is often colloidal, and 
much delay may be caused before it can be centrifuged clear. In addition to 
traces of lead, any unchanged glycogen is removed at this stage. The barium 
compound is decomposed by passing CO, into its suspension in 100 ml. 70% 
alcohol at 40°. After the precipitate has settled the fluid is evaporated to dryness 
by distillation at low pressure: 15 ml. methyl alcohol are placed in the flask, and 
it is allowed to stand at room temperature for a day. The extraction is repeated 
and the united alcohol extracts are evaporated in a basin over sulphuric acid. 
The residue in the flask is taken up in water, any insoluble matter is removed at 
the centrifuge, and the solution is evaporated to dryness. These two fractions 
were investigated separately. 

Alcohol-soluble fraction. The syrup obtained in the first experiment began to 
crystallize after some months and after another month became a white, almost 
solid mass. The maximum yield in such an experiment has been 70 mg. Purifi- 
cation has proved unexpectedly troublesome: the crystals drain slowly on a 
porous tile, and it has not been found possible to recrystallize the sugar from 
methyl alcohol. For the analytical work the purification was carried out as 
follows. After draining on a tile as completely as possible the solid was extracted 
with warm methyl alcohol, and some insoluble matter was removed. On 
evaporation of the solvent the syrup was induced to crystallize by seeding with 
a crystal of the crude product. After crystallization was complete, the solid 
was taken up in cold methyl alcohol, in which it was completely soluble. The 
solvent was removed, and the syrup was allowed to crystallize spontaneously in 
a damp atmosphere. 

As is usual with sugar hydrates, the melting-point was indefinite; softening 
took place at about 95°, with a complete melt at 115-120°. 

Micro-analyses (Schoeller). Found: C, 37-96, 37-91; H, 6-94, 7-00%. 
C,H,.0,,H,O requires: C, 36-36; H, 7-°07%. 

The reducing power of the substance was estimated by the Hagedorn- 
Jensen method and was found to be that of a monosaccharide. 2-530 mg. in 
0-9958 g. water: c=0-230% (all values for c are calculated for the anhydrous 
sugar); found: 0-231%. Glucose, 3-117 mg. in 1-2340 g. water: c=0-255%; 
found: 0-248%. 

Molecular weight. This was determined by Barger’s method. In his paper 
Barger states that good results were obtained with as little as 30 mg. of solid. 
In the present work it was necessary to economize material and tests were 
carried out with smaller amounts, with excellent results. Solutions of sucrose 
in water were used as standard, and 18—24 hours were allowed for equilibrium 
to be attained at room temperature. In each estimation six capillaries were 
used, containing the unknown and 0-10, 0-12, ..., 0-20.M sucrose. Inspection 
of the aggregate differences in the drop lengths showed quite clearly which 
solution was isotonic with the unknown. Using a solution of 2-759 mg. glucose 
in 0-0998 g. water, the mol. wt. was found to be 197; with a solution of maltose, 
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5-299 mg. in 0-1009 g. water 354; with the sugar derived from glycogen, 2-610 mg, 
in 0-1015 g. water, a mol. wt. of 179 was found: a second experiment gave 167. 

Optical activity. The substance is optically active, giving a positive rotation 
with mutarotation in aqueous solution. The following figures were obtained with 
22-61 mg. in 1-593 g. water. c= 1-288, J=1. 







Time (hours)... 0-16 0-36 0-68 241 3-23 © 24-0 
x +1-69° 1-59 143 106 099 0-87 
[a], 130-4° 123-4210 82ZD_sssTHBCTG 





Phenylosazone. This was insoluble in hot water, with the typical crystalline 
form of glucosazone. After recrystallization from hot aqueous pyridine the 
substance melted at 208-210° (corr.): the same melting-point was given by a 
specimen of glucosazone prepared and recrystallized under the same conditions. 

Alcohol-insoluble fraction. No preparation has crystallized, even after 
2 years. There appears to be little reducing sugar of any kind in this fraction: 
heated with phenylhydrazine and acetic acid it forms no osazone insoluble in 
the hot mixture ; on cooling there may be deposited in the course of a day a trace 
of amorphous precipitate, insufficient for identification. 














Discussion 






In the hydrolysis of sugars by enzymes in vitro there is always some doubt 
as to what part bacteria may have played in bringing about the final result, 
even when toluene was present; this is specially the case when the reaction is 
allowed to proceed for more than a few hours. It is probable, however, that 
bacteria cannot have materially influenced the result recorded above, for their 
action would tend to remove the product formed, glucose being fermented 
readily by many micro-organisms. That the product isolated was glucose cannot 
seriously be doubted, bearing in mind that glycogen was the substrate: the 
reducing power and molecular weight were those of a reducing hexose sugar. 
As is always the case with glucose, even when impure, the confirmatory evidence 
of the phenylosazone was easy to obtain. Some reasons however must be sought 
for the difficulty in purification, the refusal to crystallize from methyl alcohol 
and the high percentage of carbon. The sample submitted for combustion may 
have suffered some loss of water, but an additional explanation may be found 
in the values for the specific rotation, which are higher than those of glucose. 
The initial figure need not be considered, for it is very dependent on the interval 
which elapses between solution and the first reading: the equilibrium figure 
however differs from the theoretical value 62 by at least twice the probable 
experimental error of the observer. It is possible that traces of another 
sugar, or sugars, were responsible for these results: the only ones which might 
have been present are maltose and Barbour’s trisaccharide; both have a greater 
rotation than glucose; both are richer in carbon than is glucose hydrate; 
C,.H..0,, , H,O requires C, 40-00, H, 6-66 % ; C,,H3.0,,requires C, 42-86, H, 6-35 %. 
To obtain further information on this point, three porous tiles used for draining 
the crude glucose crystals were extracted several times with water: the united 
extracts were then evaporated as completely as possible over sulphuric acid. 
In the absence of any sign of crystallization the syrup, which weighed 0-2 g., 
was taken up in a small quantity of water and heated with excess of phenyl- 
hydrazine and acetic acid for 40 min. The phenylosazone which precipitated 
from the hot mixture was separated and recrystallized; yield 44 mg., M.P. 208- 
210°. The filtrate on cooling yielded a crystalline deposit which appeared to 
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consist largely of glucosazone. This was separated, digested at 100° with a small 
quantity of water and filtered. A small amount of precipitate was obtained, with 
none of the microscopic appearances of maltosazone, but consisting entirely of 
star-shaped aggregates of needles, as described by Barbour. The product was 
dried, and the whole yield (2-8 mg.) was submitted to analysis (Schoeller). 
Found: N, 8-05 %, which agrees closely with the theoretical figure for the phenyl- 
osazone of a trisaccharide; C,,H,.0,,N, requires N, 8-21 %. The failure to obtain 
any evidence for the presence of maltose is interesting, in view of the results of 
Carruthers & Lee [1935] with skeletal muscle, and suggests that the glycogenase 
of heart muscle is capable of forming glucose from glycogen without the aid of 
maltase. In the absence of definite information whether an alkaline lead salt is 
an efficient precipitant for Barbour’s trisaccharide, it is impossible to decide 
whether the glycogen was almost entirely converted into glucose: probably the 
small yield of glucose was due more to the losses attendant on the method 
and to the fact that glucose is a sugar isolated and purified with difficulty, than 
to the formation of a considerable amount of trisaccharide which escaped 
precipitation. Experiments have shown that the trisaccharide raffinose may be 
readily removed from solution by the method adopted. 


SUMMARY 


The end-product of the action of a glycerol extract of heart muscle on 
glycogen is glucose. Evidence was obtained which indicated that the formation 
of a trisaccharide may be an intermediate stage in the hydrolysis, but no disac- 
charide was detected. It is suggested that the complete conversion of glycogen 
into glucose may be effected by the glycogenase of heart muscle. 


It is a pleasure to express my indebtedness to Profs. G. A. Clark and H. 8. 
Raper at different stages of the work. The polarimeter readings were taken in 
the Department of Physiology, University of Manchester. 
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STEROLS are very widely distributed in the vegetable kingdom and have been 
isolated from the seeds, roots and rhizomes, stems, leaves and flowers of a great 
variety of plants, from vegetable oils and milk sap of certain plants, in which 
they occur partly in the free state and partly combined in the form of esters and 
other combinations. 

Fungi appear to differ both quantitatively and qualitatively in their sterol 
content, e.g. certain bacteria contain no sterols. 

The true fungi contain a certain peculiar group of sterols which is not 
present in Phanerogams. The fungus sterols differ in a characteristic manner 
from the cholesterol and sitosterol groups in their behaviour when shaken in 
chloroform solution with strong sulphuric acid. In the case of the fungus sterols, 
the acid becomes coloured a deep red and the chloroform remains quite colourless, 
whereas with cholesterol or sitosterol the chloroform is coloured red and the 
sulphuric acid shows a green fluorescence. This reversed Salkowski test reaction 
of the fungus sterols, however, is also given by some cholesterol derivatives such 
as cholesterol oxide and cholestenone. The fungus sterols give the Burchard- 
Liebermann test and also form sparingly soluble compounds with digitonin. 

Tanret [1889] isolated a sterol from spurred rye, and subsequently [1908] 
found that this sterol contained two sterols, ergosterol and fungisterol, which 
he fully described. He prepared a number of esters and investigated their 
properties. 

The presence of ergosterol in yeast was first noticed by Gérard [1895]. The 
recent discovery, however, of the close relationship of vitamins to sterols led 
to extensive investigations of the sterols of yeast by various workers, notably 
Smedley-MacLean & Thomas [1920]. 

It has been known for some time that many members of the fungus group 
contain mixtures of sterols and Mr J. A. Gardner thought that it might prove 
interesting to examine some of the commonly occurring fungi more thoroughly. 

The first fungus studied was Boletus edulis, which is utilized as food in 
Russia and comes on the market in a dried state. 

The other fungi under investigation at the moment are Polyporus squamosus 
and Coprinus atramentarius. 


































EXPERIMENTAL 











In preliminary experiments the extracting powers of boiling alcohol, ether, 
chloroform and benzene were tested and it was found that the completeness of 
extraction depended more on the fineness of division of the material than on the 
solvent. Eventually ether was chosen as the solvent and the bulk of the sterol 
was extracted by allowing the finely ground powder to stand for a considerable 
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time in darkness in contact with cold ether. After filtering off the ethereal 
solution, the grounds were repeatedly extracted with boiling ether under a 
reflux. It was not found possible to obtain an extract which was absolutely 
sterol-free however long the extraction was continued. Extraction in a Soxhlet 
apparatus was not found more effective than the above method. Hydrolysis of 
the extracted grounds with 5% alcoholic potash, in order to break down any 
possible compound of the sterols with protein or other substance, subsequent 
dilution of the fluid and extraction with ether yielded only traces of sterol. 

The ethereal extracts were dried with anhydrous Na,SO,, the ether distilled 
to a small bulk and the crystals, which separated out, fractionally recrystallized 
from ethyl alcohol and eventually from a mixture of benzene and absolute 
alcohol (1: 3). Later experiments showed that it was better to crystallize from 
a mixture of benzene and alcohol straight away. 

The purified product melted between 164 and 165°. The rotation was ob- 
served on a sample dried in the steam oven. In a chloroform solution [«] 
= —125-46°. The following derivatives were prepared. 

The acetate was prepared in the usual way by boiling with acetic anhydride 
in a matrass. The yield was satisfactory. After several recrystallizations from a 
mixture of 3 parts of acetone and 1 part of ether, the acetate had a melting- 
point of 173° and a specific rotation in chloroform —79-538°. This value is 
somewhat lower than that found by Preuss e¢ al. [1932], and Reindel et al. [1927]. 

A urethane was made from a sample of slightly impure ergosterol melting 
between 153-158°. 2 g. of this were mixed with 2 ml. phenyl isocyanate and the 
tube placed in a paraffin bath at 178-183° for 4 min. The crude product was 
crystallized from ethyl acetate. The crystalline matter so obtained was treated 
with chloroform to separate the urethane from diphenylurea obtained as a 
by-product and the chloroform solution, after filtering and evaporating to 
dryness, was recrystallized twice from ethyl acetate, then once from ethyl alcohol 
and twice more from ethyl acetate, when crystals melting at 183° were obtained. 

Analysis of the urethane. 

Found: C, 81-281; H, 9-559; N, 2-932%. C,H,,0O,N requires: C, 81-44; 
H, 9-38; N, 2-79%. 

The diphenylurea which was found as a by-product was identified by its 
melting-point and analysis. 

Hydrolysis of urethane. The urethane was hydrolysed by boiling under 
reflux for 2 hours with 10% alcoholic potash. The thick crystalline mass 
obtained on cooling and standing was filtered off and dissolved in ether. The 
ethereal solution, freed from alkali by washing, was evaporated to dryness and 
fractionally recrystallized from a mixture of ether and ethyl acetate; it melted 
at 161°. From the mother-liquor crops with M.P. varying from 145 to 153° were 
also obtained. 

Ergosterol obtained from this mushroom, although similar in its general 
properties and constants to ergosterol obtained from yeast, which is found on 
the market commercially, seems to be more stable in character. On keeping, 
the melting-point and the colour remain unchanged for a long time, unlike the 
changes in yeast sterol noticed by many observers. 

Spinasterol. The original mother-liquors from which all the ergosterol had 
been crystallized were found to contain mainly fatty acids, which, however, 
still showed the Burchard-Liebermann reaction. They were neutralized with 
NaOH and evaporated to dryness. The dry residue was extracted by boiling 
with small portions of ether. The residue obtained by distilling the ether still 
weighed 8 g.; it was unidentifiable and still gave a positive Burchard-Liebermann 
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test. In the hope of isolating a sterol from this as a urethane, it was dissolved in 
benzene, dried with CaCl, and after filtering was boiled under a reflux with 4 ml. 
of phenyl isocyanate for 2 hours. The bulk of the material which separated on 
standing was a solid, which was filtered off. All attempts failed to obtain it in 
a pure crystalline form for identification, but the mother-liquors on evaporation 
were divided into chloroform-soluble and chloroform-insoluble portions. The 
insoluble portion was found to be diphenylurea. 

The non-crystallizable solid material and the chloroform-soluble mother- 
liquors were hydrolysed by boiling under a reflux with alcoholic potash. The 
alkaline liquors were extracted with ether and on concentration a small quantity 
of a crystalline solid separated out, which was filtered off. 

This solid was heated with benzene, but only a small portion dissolved. The 
insoluble part proved to be diphenylurea. The benzene solution and the ethereal 
mother-liquors were evaporated to dryness and recrystallized once from ethyl 
alcohol by adding water to faint turbidity. The crystalline product so obtained 
became opaque on heating at 164° and ran in the tube at 169°. From its 
appearance and behaviour it was not ergosterol and recalled the properties of 
spinasterol. 

The acetate prepared in the usual manner melted at 174-175°. The total 
amount was only 0-002 g. The acetate gave a Burchard-Liebermann positive 
reaction and the Rosenheim test was negative. Probably the mushrooms contain 
a small quantity of spinasterol. 

Carbohydrates. It is stated that ‘‘trehalose replaces sucrose in those fungi 
which do not contain chlorophyll and do not manufacture starch. The quantity 
of trehalose is a maximum just before the formation of spores: when the fungi 
are picked, the trehalose is rapidly converted into mannitol, being hydrolysed 
by trehalase to glucose within 2 or 3 hours after gathering’ [Armstrong & 
Armstrong, 1934]. If this is true, the process must have been stopped in 
Boletus edulis by drying, since we found large quantities of trehalose, but 
were unable to isolate any mannitol, though this has been stated to be present by 
Margewicz [1883]. 

We may mention, however, that on extraction of Armeleria mellea we easily 
isolated considerable quantities of mannitol, but no trehalose. 

Extraction. The dried and finely powdered mushrooms, which had been as 
far as possible extracted with ether, were repeatedly boiled under a reflux with 
absolute alcohol. The hot solution was filtered from insoluble particles, and 
from the turbid filtrate on cooling an amorphous powder immediately precipi- 
tated on the walls and bottom of the containing vessel. The clear liquid was 
decanted. 

The solid powder was recrystallized from absolute alcohol; on long standing 
hard shiny crystals were deposited from the solution. Glacial acetic acid and 
methyl alcohol were found better solvents for crystallization. The melting- 
point of the crystals was taken. At 97° they began to shrink, at 110° ran down 
the tube, at 120-142° water was given off and at 150° the substance seemed to 
solidify again and at 204° it finally melted. This substance from its properties 
was obviously trehalose, the occurrence of which had been observed many years 
ago in this mushroom by Winterstein [1894]. 

The acetate which is best crystallized from boiling absolute alcohol melted 
at 102°. [«]}* = + 159-83° (chloroform). 

The octabenzoate was made by shaking an aqueous solution of the trehalose 
with benzoyl chloride and 10% NaOH. A sticky oily solid separated out, which 
was filtered off, and after washing with water dissolved in a mixture of alcohol 
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and ether from which, on concentration, crystals were obtained. The crystals 
were recrystallized several times from boiling alcohol, but as this did not seem 
to produce a pure substance, the alcoholic solution was boiled up for 30 min. with 
animal charcoal, filtered, concentrated and left to stand. The crystals which 
were deposited from the solution had a melting-point of 177°. 


SUMMARY 


The sterols of Boletus edulis consist mainly of ergosterol together with small 
quantities of a sterol which closely resembles spinasterol. 
The main crystallizable carbohydrate isolated was trehalose. 
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By making use of Korenmann’s discovery [1935] that dilute ferricyanide 
solutions can be titrated with indigocarmine solution, accurate means can be 
devised for estimating blood sugar rather more simply than has hitherto 
been possible by titrimetric methods. The convenience of the indigocarmine 
titration is such that it is relatively easy to obtain rapid duplicate estimations 
on a single 0-2 ml. sample of blood (or a single estimation on 0-1 ml. if 
precipitants be used in half the standard amounts) while at the same time 
large volume measurements can be used throughout the procedure. 

In the method described below, with the exception of the blood itself, no 
micro-quantities are handled and no delicate or refined manipulation is required. 
The solutions themselves are few in number and simple in preparation, and the 
technique does not require any special apparatus. 


















METHOD 





Reagents 


(1) 0-5% zine sulphate (ZnSO,,7H,O), prepared weekly from stock 10% 
solution. 

(2) N/20 sodium hydroxide, prepared weekly from stock N solution. 

(3) Alkaline potassium ferricyanide reagent, prepared from two stock 
solutions: 

(A) Weigh out exactly 2 g. potassium ferricyanide and dissolve in 1 1. dis- 
tilled water. Keep the solution in a dark glass bottle and store in a refrigerator. 

(B) Weigh out 100 g. potassium bicarbonate and 100 g. anhydrous potassium 
carbonate and dissolve in 1 |. distilled water. 

Prepare the reagent by pipetting 25 ml. solution A into a 100 ml. flask and 
making up to the mark with solution B. Larger quantities may of course be 
prepared in like proportion, but enough ferricyanide reagent should be prepared 
to provide only for 1 week’s requirements. Store in a dark glass bottle. Any loss 
of ferricyanide strength can scarcely be detected in 1 week, but this becomes 
gradually apparent when the time is prolonged much beyond this period. 

(4) Indigocarmine solution. 

Carefully weigh out 0-118 g. solid “‘Indigocarminium B.D.H.’’,! transfer to 
a 500 ml. flask, and dissolve in approximately 400 ml. distilled water. Add now 

1 Other commercial preparations of indigocarmine have been examined and found to differ in 
their titration values from this preparation and from each other. If any preparation other than 
the above is used, its solution should be adjusted so that its titration value against the ferri- 
cyanide reagent is exactly that given by the standard used here. 


( 244 ) 




























BLOOD SUGAR ESTIMATION 245 


10 ml. 25% (by volume) sulphuric acid, and make up to the mark with distilled 
water. In a brown glass bottle, the acid keeps the solution quite stable, no 
change in the titration values having been detected in 1 month. 

Titration of alkaline ferricyanide reagent with indigocarmine solution. 

Pipette 5 ml. of ferricyanide reagent into a boiling-tube (6x1 in.), add 
approximately 5 ml. of distilled water and titrate directly with the indigo- 
carmine solution contained in a 5 ml. microburette until the blue of the dye 
just faintly persists. The reading should be within the range 4:50-4:55 ml. 
Different workers in this laboratory differ slightly in their recognition of the 
end-point, some preferring to read it as the very faintest perceptible blue per- 
sisting in a previously slightly yellow solution, others preferring a rather more 
definite blue colour to demarcate the end of the titration. The personal factor 
accounts for most of the variation in the titration reading above. Since, 
however, all sugar estimations are based upon differences between two separate 
titrations, any slight difference in the interpretation of the end-point by different 
workers introduces no error into the actual estimation. 


Procedure 

(1) Precipitation of proteins. 

In a boiling-tube (6 x 1 in.) place 10 ml. zine sulphate solution. Deliver into it 
exactly 0-2 ml. blood, rinsing out the pipette in the usual manner. Mix by gentle 
rotation of the tube and add 5 ml. sodium hydroxide. Again mix, allow to 
stand 1 min. and then filter through a No. 41 Whatman filter-paper, 9 cm. 
diameter. 


(2) Reduction of ferricyanide by blood filtrate. 
To 5 ml. filtrate (a further 5 ml. is available for duplicate estimation if 


desired), placed in a hard glass boiling-tube (6 x 1 in.), add 5ml. of the ferricyanide 
reagent and immerse in a boiling water-bath for exactly 6 min. At the end of 
this heating period cool the tube by shaking it for a few moments in a bath of cold 
water—thorough cooling is not essential—and titrate the residual ferricyanide 
with indigocarmine solution. If cooling is prolonged and the titration conducted 
slowly, a slight precipitate of zine ferrocyanide forms but does not interfere in 
any way with the titration. 

Perform the blank test by carrying through the whole process, but omitting 
the blood. With the use throughout of the highest grade analytical reagents, 
now readily procurable, the blank value should be identical with the figure 
obtained by direct titration of the untreated ferricyanide reagent with the dye. 
In such circumstances, the true blank estimation can be omitted in routine 
procedure and the blood sugar estimated on the basis of the difference value 
between the titration of the blood filtrate (A) and the dye equivalent of the 
ferricyanide reagent (B). Using this value, read off from Table I the percentage 
blood sugar. 

In Table II the present method has been compared with the MacLean method 
on a series of representative blood samples handled in the course of ordinary 
routine work. The two methods show excellent agreement. On fundamental 
grounds, the present method should be in good agreement in its results with that 
of Hagedorn & Jensen. Though it has not been directly tested, this is made the 
more probable by the work of Herbert & Groen [1929] who have shown a close 
concordance of results between the methods of MacLean and Hagedorn & 


Jensen. 
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Table I 













Difference Difference 

Blank (B)- Blank (B)- 

titration (A) titration (A) 

ml. indigo- Sugar ml. indigo- Sugar 

carmine ie carmine % 

0-00 0-000 1-80 0-214 
0-05 0-005 1-85 0-220 
0-10 0-010 1-90 0-226 
0-15 0-016 1-95 0-233 
0-20 0-021 2-00 0-240 
0-25 0-026 2-05 0-246 
0-30 0-032 2-10 0-252 
0-35 0-037 2-15 0-258 
0-40 0-042 2-20 0-265 
0-45 0-048 2-25 0-272 
0-50 0-053 2-30 0-280 
0-55 0-058 2-35 0-287 
0-60 0-063 2-40 0-294 
0-65 0-068 2-45 0-301 
0-70 0-074 2-50 0-309 
0-75 0-080 2-55 0-316 
0-80 0-086 2-60 0-323 
0-85 0-092 2-65 0-330 
0-90 0-098 2-70 0-338 
0-95 0-103 2-75 0-345 
1-00 0-109 2-80 0-352 
1-05 0-115 2-85 0-359 
1-10 0-121 2-90 0-366 
1-15 0-128 2-95 0-374 
1-20 0-134 3-00 0-381 
1-25 0-140 3-05 0-388 
1:30 0-147 3-10 0-395 
1-35 0-153 3-15 0-403 
1-40 0-159 3-20 0-411 
1-45 0-166 3-25 0-418 
1-50 0-173 3-30 0-425 
1-55 0-179 3-35 0-432 
1-60 0-186 3-40 0-439 
1-65 0-193 3-45 0-446 
1-70 
1-75 







Table IT 
Blood sugar percentage 













Present method MacLean’s method 





Case 

















C174 0-247 0-255 
C 268 (i) 0-240 0-240 

(ii) 0-130 0-128 
C372 0-124 0-124 
C418 0-100 0-104 
F 275 0-078 0-082 
BI. 0-084 0-085 
F 430 0-310 0-305 
Se. 0-176 0-177 
In. 0-104 0-111 








Use of tungstic acid precipitation 


Amorerapid filtration is possible by substituting tungstic acid precipitation for 
the zinc hydroxide method. This involves no alteration in technique or quantities 
if the blood is added directly to a mixture of 10 ml. 0-5 % sodium tungstate and 
5 ml. N/15 sulphuric acid, and then filtered. The results, however, are always 
higher than by the zinc method, and in a series of 12 cases examined the 
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discrepancy was found to range from 7 to 27 mg. per 100 ml. blood. From what is 
known of the comparative values afforded by the different blood sugar methods 
[Herbert & Groen, 1929], it is inferred that this form of tungstic acid precipita- 
tion would yield results in keeping with those of established methods which use 
tungstic acid filtrates (e.g. Folin & Wu). Since, however, the latter depart 
further from true glucose estimation, the zinc technique has been preferred for 
general routine purposes. 

The method is unsuitable for application to any blood containing thymol, 
which is sometimes incorporated with fluoride when the latter is used as anti- 
coagulant and preservative. The use of thymol, however, is unnecessary except 
for the special purpose of preserving for several days blood samples which have 
been collected in non-sterile vessels. 


SUMMARY 


1. Asimple method of blood sugar estimation is described, using ferricyanide 
reduction, the amount so reduced being estimated by indigocarmine titration. 

2. The results are shown to be in close agreement with those of the MacLean 
method, and the inference is drawn upon indirect evidence, that it likewise 
provides a simplified substitute for the Hagedorn & Jensen technique. 

3. Tungstic acid precipitation of proteins may be readily substituted for 
the standard zine hydroxide precipitation, but the results obtained are some- 
what higher and more in accordance with Folin & Wu values. 
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THE great majority of the species of fish round the shores of Australia and New 
Zealand are unknown to the northern hemisphere, and consequently few scientific 
data are available with regard to their value as food. Practically nothing is 
recorded of the liver oils of the local fish, and an estimation has been made of the 
vitamin A contents of the liver oils of some varieties of fish which abound in 
or about Victoria. In chronological order of investigation the fish examined are 
the Australian salmon (Arripis trutta), snapper (Pagrosomus auratus), Murray 
cod (Oligorus macquariensis), school or snapper shark (Galeorhinus australis), 
kingfish or yellowtail (Seriola grandis), blue-fin tuna or southern tunny (Thynnus 
maccoyt), black bream (Sparus australis) and barracouta (Thyrsites atun). 

The estimation of vitamin A has been carried out by non-biological methods, 
namely (a) the Carr-Price method, using the Lovibond tintometer to estimate 
the intensity of the blue colour, and (6b) measurement of the intensity of 
absorption at 328 my of a solution in cyclohexane, using the Hilger Vitameter 
AC. In all cases the estimation has been done on the non-saponifiable portion 
of the liver oil. We are aware of the advisability in some cases of a biological 
check on the spectrographic and Carr-Price methods [Ward & Haines, 1936; 
Anonymous, 1936], but there is at present no means of carrying out such a 
biological assay in Australia. However, by utilizing the practical experience 
gained by one of us in the non-biological methods used in Prof. Drummond’s 
laboratory in London, and by standardizing the apparatus with halibut oil of 
known value, trustworthy results have been obtained. 

Fair agreement is obtainable between the Carr-Price and the spectroscopic 
methods. A serious source of error in the use of the vitameter is due to the 
“flickering ’’ which is soon apt to take place in the arc. To reduce these changes 
in intensity to a minimum, it is advisable in the final and most accurate deter- 
mination to have the two copper rods ending in sharp points. The point of the 
vertical rod is exactly over the pointed end of the horizontal rod, and the two 
ends are about 1-2 mm. apart. It is true that the sharp ends require much more 
frequent grinding than when blunt ends are used, but their use gives concordant 
results. This source of error was not discovered in the July estimation, but all 
the figures obtained are nevertheless included. The values obtained are ex- 
pressed as percentages of vitamin A, using the results of Carr & Jewell [1933]. 




































EXPERIMENTAL 


Extraction of oil from liver. Steaming of the minced liver was first tried, but 
no satisfactory separation of the oil was obtained. The procedure finally adopted 
was as follows. 

The livers were counted, minced and weighed; then treated with about 
2/3 wt. of Na,SO, anhyd. following the procedure of Lovern e¢ al. [1933], and 
left in the desiccator overnight. The dry mass was then ground up and refluxed 
with light petroleum (B.P. 60—80°) for about 6 hours. The solution was dried with 
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Na,SO, and the ether distilled off, finally in vacuo. A sample of the oil was then 
saponified and the estimations were carried out on the “sterol-free’’ non- 
saponifiable fraction. 

Saponification of oil. The process followed was that recommended by the 
International Conference on Vitamin Standardization [1934]. A slight variation 
was introduced, in that the sterols were crystallized from a solution of the non- 
saponifiable fraction in pure methyl alcohol, the alcohol removed in vacuo, and 
the estimation carried out. 

In certain later cases, when the amount of oil available was very small, this 
variation was dispensed with. The non-saponifiable fraction was made up 
directly in chloroform (the last traces of ether could not be removed in vacuo). 

Iodine values, A determination of the iodine value was made on each of the oils. 

The method used was that of Dam [1924]. A solution of the oil in CHCl, is 
treated with at least 40° excess of the pyridine sulphate-bromine reagent. 

The system is kept in the dark for 15 min., water and KI are added and 
the excess of brominating agent determined by titration with Na,S,O,. At the 
same time a blank test is made with the same quantities of reagents and CHC\l,. 

School shark. This oil proved by far the most potent of those examined and 
was treated in somewhat greater detail. In addition to the usual properties, the 
saponification value was determined. 

In this case, too, the extremely high oil content permitted satisfactory 
extraction of the oil by steaming. Hence oil was extracted by steaming and 
desiccation separately, and the two compared. 

Results 


Vitamin A 

“Sterol- —_ 
Date Average Yield free” Carr-  Vita- 
obtained No. of wt. i non-sap. Iodine Sap. Price meter 

Fish 1936 livers g. % % value value % % 
Salmon vii About 70 — 96 0-089 0-116 
5. vii 130 11-2 97 0-063 0-077 

ci 10-8 105 0-21 0-22 

16 _ 0-27 — 

7-3 — 0-13 _— 

99 0-103 0-101 


Dee 
| | ees 


oa 


84 0-038 0-034 
0-33 0-31 
0-07 0-066 
0-91 0-85 


80 
83 
Murray cod 25. 2 33 
School shark 8. y 575 
(Na,SO,) 
School shark 28. 467 
(steaming) 
Yellow tail 13. 1 247 


~! 


wow & 
ac Of w 


161 2 0-99 0-98 


to 
— 


x 92 0-031 0-040 
ai 16. x 11 236 137 - 0-46 0-44 
Blue-fin tuna 13.x 1 148 . 109 — 0-18 0-20 
Bream 19. xi 1 30 “2 — 1ll - 0-61 — 
Barracouta ll. xii About 65 11-1 : 6-3 160 2-3 2-4 


—_—— 
| Se 


Note on yield of non-saponifiable fraction. Where no figure is given, the 
estimation was carried out without removal of the sterols. 

In the second batch of snapper oil, the non-saponifiable fraction contained 
solid, instead of an oil, and the high figure is probably due to residual sterols. 

A comparison of this table of results with one dealing with common fish of 
the northern hemisphere [Lovern e¢ al., 1933], shows that if the halibut is ex- 
cluded, the vitamin A contents of the Australian fish liver oils are definitely 
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higher. If the halibut is neglected, only 5 out of some 22 northern hemisphere 
fish have liver oils containing 0-1 % or more of vitamin A. Out of the 8 Victorian 
fish examined all except the Murray cod (which is the only fresh-water fish in 
the list, and which has been examined only at the beginning of spring) average 
over 0-1 % vitamin A. An examination of a larger variety of Australasian fish is 
desirable if only from this point of view. 

Lovern et al. have shown that in halibut liver oil there is an increase of 
vitamin A content in early summer as opposed to winter. Though a detailed 
study of this point has not been made, the analyses of Australian salmon and 
snapper in July and November and December shows that there is a similar 
seasonal change in the local fish, the November figures in all cases being higher 
than the July values of vitamin A. The figures in the table of results also lend 
themselves to other generalizations, such as the relations between iodine value 
and vitamin A content, but these will be discussed when a greater variety of fish 
has been studied. 

Though several of the local fish are seen to have liver oils richer in vitamin A 
than most cod liver oils, only 1 (with the possible exception of the Australian 
salmon which frequents the coast in vast shoals which could be easily netted) 
out of the 8 examined can be claimed to constitute a discovery of economic 
importance. The school or snapper shark is caught in large quantities by line 
when fishing for snapper etc., and after the more prominent shark features have 
been removed it is widely sold and eaten, though not under its proper name. The 
fish is very common, grows to a length of more than 5 ft. and has a liver averaging 
over 1 lb. in weight. Only the early spring (August) shark has so far been 
examined, and there is a great probability that the early summer livers will 
have a much higher content of vitamin A, judging by the fact that the livers of 
the prey of the shark have a definite seasonal increase. In any event, though 
the oil with its content of about 1°% of vitamin A is perhaps less rich than the 
liver oil of most halibuts, it must be borne in mind that the liver of the school 
shark contains about twice as much oil as the liver of the halibut. The shark 
livers steamed give always more than 30 % of oil separated by simple decantation, 
and when a method is used in which all the oil is extracted, the yield is about 
50%. (Incidentally it is noteworthy that stearin seems to settle out more 
easily when the livers are steamed than when they are extracted with light 
petroleum.) The halibut liver [Lovern eé al., 1933] averages about 12-35% of 
oil, approximately half the content of the shark liver. 

The school shark liver oil is worthy of more detailed investigation. It can 
be readily distilled, but the relatively low iodine value (157-161) and the small 
amount (2-4-2-7%) of non-saponifiable matter (of which over one-third is 
vitamin A) show that little if any squalene can be present, and that it is likely that 
the oil can be assimilated as well as many other oils which are widely used as food. 


The authors are indebted to the Victorian Fish Market Inspectors, Mr Bush, 
Mr Frank Hill and Mr S. Fowler, for their friendly co-operation, and to the Grant 
Committee of the London Chemical Society for a grant for the prosecution of 


this research. 
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Tue early experiments of Palmer & Eccles [1914] leave no doubt that the major 
part of the yellow colour of milk fat (and therefore butter) is due to the hydro- 
carbon carotenoid, carotene, and further, that this pigment owes its origin to 
the carotene present in the food of the cow. This dependence of the colour of 
milk fat on the carotene content of the food ingested by the animal has since 
been confirmed by many workers. With the discovery that carotene possesses 
growth-promoting (vitamin A) activity its presence in butter became important 
from the nutritional aspect, whilst the later discovery that the pigment occurs 
in several isomeric forms having different vitamin A activities [Kuhn & Lederer, 
1931, 1; Kuhn & Brockmann, 1933; Kuhn e¢ al. 1933] at once raised the question 
as to which form was present in butter fat. 

In an earlier attempt to answer this question [Gillam & Heilbron, 1935] 
the carotene fraction of butter fat unsaponifiable matter was adsorbed on 
alumina; it separated readily into two zones of pigment having adsorption 
properties and absorption spectra exactly comparable with those of B- and 
a-carotene respectively. Owing to the small amount of carotene in butter 
(0-2-2-0 mg. per 100 g. fat) and the difficulty of isolation [cf. Palmer, 1922] these 
properties were considered sufficient, at the time, to indicate the presence of 
considerable quantities of «- as well as 8-carotene in butter. 

It has since been observed, however, that when pure f-carotene is adsorbed 
repeatedly on alumina it begins to separate into two zones of pigment having 
absorption spectra exactly comparable with 8- and «-carotene respectively 
[Gillam & El Ridi, 1935]. Further investigation has shown this to be due to an 
exceptional action of the adsorbent itself in converting the 8-carotene into a new 
isomeric substance, pseudo-x-carotene, with properties very similar to those of 
«-carotene [Gillam & El Ridi, 1936]. 

In the light of these results the whole question of the presence of «-carotene 
in butter was left open until the pigment could be isolated in sufficient quantity 
and sufficiently pure for a determination of its rotation to be made. The presence 
of optical activity in a carotene is a crucial test for the «-isomeride which has 
[x] .a= +380° [Kuhn & Lederer, 1931, 1, 2], whereas B-carotene and pseudo- 
a-carotene are inactive; moreover, the rotation results are not open to the 
objection shown to be peculiar to the chromatographic method as applied to 
carotenes. 

Palmer & Eccles [1914] obtained crystals of carotene from butter for examina- 
tion by colour and phase tests but they were unable at that time to obtain the 
crystals free from colourless impurities. The present paper describes the isolation 
and properties of analytically pure carotene from butter fat and shows that in 
the bulked sample examined the carotene consists almost entirely of the f- 
isomeride. Adsorption of the pigment on magnesium oxide gave no evidence of 
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an «-carotene zone, whilst the rotation, [«],,,;=+1-3°, although positive, is so 
small that, in view of the experimental error (c. + 10°) it is not significant. We 
must therefore conclude that the «-carotene content of butter fat is negligibly 


small.t 


EXPERIMENTAL 


Butter fat. In order to obtain the maximum amount of pigment from the 
minimum of butter, colostrum fat, which is noted for its high carotene content, 
was largely used in place of ordinary butter, whilst to make the sample more 
representative ordinary and colostrum butters from cows of two different breeds 


were mixed together as follows: 
Wt. of Carotene Mg. of 





Nature of butter fat mg./100g. carotene 

Cow Breed butter in g. fat present 
1 Shorthorn Colostrum 170 6-2 10-5 
2 Guernsey Colostrum 445 2-6 11-6 
3 Shorthorn Colostrum 200 2-5 5-0 
4 Shorthorn Colostrum 70 2-4 1-7 
5 Guernsey Ordinary 165 1-6 2-6 
6 Shorthorn Ordinary 170 1-7 2-9 
7 Guernsey Ordinary 190 1-6 2-0 
8 Guernsey Ordinary 150 0-8 1-2 
1560 37-5 





Extraction of the pigment. Before proceeding to the saponification of the 
butter fat it was treated with boiling acetone with the object of precipitating 
waxy impurities and/or phosphatides in the manner successfully used by 
Pollard [1936] in the preparation of the carotene of cocksfoot grass. 

500 g. portions of the melted fat were poured into boiling acetone (3 1.) and 
cooled to —6°. The precipitate of fat and waxy impurities was dissolved in a 
little ether and again precipitated with acetone (1 1.), and cooled as before, the 
process being repeated until the residue was free from carotenoids. The combined 
filtrates from three portions of butter fat after treatment in this manner were 
freed from solvent and the glycerides saponified with alcoholic potash (1-5 ml. 
10% KOH per g. fat). The unsaponifiable matter was extracted with ether, 
transferred to methyl alcohol and cooled to —7° in order to remove some of 
the sterols (4-4 g.). 

The concentrated alcohol extract was diluted with water and the solutes 
transferred to light petroleum (60-80° B.P.), the solution being subsequently 
extracted with 90% aqueous methyl alcohol several times to remove xantho- 
phyll and vitamin A. The light petroleum phase was passed through a column 
of magnesium oxide and Hyflo Supercel [Strain, 1934] and developed with more 
solvent. No evidence of «-carotene was detected in the chromatogram. The main 
carotene zone was cut out from the column and eluted, after which a spectro- 
photometric determination showed that some 25 mg. of the pigment were 
present. The solution was concentrated and methyl alcohol added and a crop 
of crystals, obviously containing much sterol mixed with carotene (83 mg., 
M.P. 120°), was obtained. Careful crystallization from light petroleum yielded 
good red-black crystals of carotene (4:2 mg., M.P. 180-181°, corrected; open 
tube); and also a second crop (7-2 mg., M.P. 177° corrected). 


1 Strain [1935] reports the detection of a small quantity of «-carotene in Jersey butter (pro- 
duced under American conditions of management) by adsorption of the pigments on magnesium 
oxide (found in solution, order of 0-1 mg. «-carotene and 6-0 mg. f-carotene from 6 kg. of fresh 
butter). 2 mg. of the B-carotene were obtained crystalline, m.p. 179-5°, corrected. 
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Analysis (on crop 2): C, 89-66; H, 10-27%. CyH;, requires: C, 89-5; 
H, 10-45%. 

Rotation. Carried out with red light (Pointolite lamp and Wratten 29 red 
filter giving only rays near the cadmium line at 643-8my) on a mixture of 
the two crops of crystals. 10 cm. tube ; c=0-0967 % (benzene); (2 determinations 
by each of two observers) = +0-011°, —0-010°, +0-010° and —0-006°, mean 
[a]og= +1-3+c. 10°. 

Absorption maxima (determined on a Hilger-Nutting Visual Spectrophoto- 


meter). 
Pure Carotene ex 


Solvent B-carotene mu butter my 
cs, 514, 484 514, 482 
Light petroleum 484, 452 482, 452 


SUMMARY 


Earlier chromatographic adsorption experiments with butter carotene on 
alumina indicated the probable presence of appreciable quantities of «- as well 
as B-carotene in butter fat. More recent work, however, has shown that the 
repeated adsorption of f-carotene itself changes this compound into an «- 
carotene-like pigment, i.e. psewdo-x-carotene. The question whether «-carotene 
actually occurs in butter to any significant extent had thus to be reconsidered 
and could only be clearly settled by obtaining the pure crystalline pigment and 
determining its rotation. 

In the present investigation analytically pure butter carotene has been 
isolated from a mixed sample of colostrum and ordinary milk fat and shown by 
analysis, melting-point, absorption spectra and optical rotation to be practically 


pure f-carotene. Adsorption on magnesium oxide as well as the determination 
of the rotation of the pigment shows that, for the mixed sample of butter fat 
examined, «-carotene is either absent altogether or is present in negligibly small 
amounts (less than 0-3 % of the total carotene). 


The thanks of the authors are due to Prof. I. M. Heilbron, for various 
facilities placed at their disposal and to Dr S. K. Kon, of the National Institute 
for Research in Dairying, for kindly supplying the colostrum fat. 


REFERENCES 


Gillam & Heilbron (1935). Biochem. J. 29, 834. 
& El Ridi (1935). Nature, Lond., 136, 914. 
—- (1936). Biochem. J. 30, 1735. 
Kuhn & Brockmann (1933). Ber. dtsch. chem. Ges. 66, 407. 
—-- Scheunert & Schieblich (1933). Hoppe-Seyl. Z. 221, 129. 
—— & Lederer (1931, 1). Hoppe-Seyl. Z. 200, 246. 
— (1931, 2). Ber. dtsch. chem. Ges. 64, 1349. 
Palmer (1922). Carotenoids and related Pigments, p. 205. 
& Eccles (1914). J. biol. Chem. 17, 191, 211, 223, 237, 245. 
Pollard (1936). Biochem. J. 30, 382. 
Strain (1934). J. biol. Chem. 105, 525. 
—— (1935). J. biol. Chem. 111, 85. 











XXXVI. THE HEMICELLULOSES OF THE 
WOOD OF ENGLISH OAK 


THE FRACTIONATION OF HEMICELLULOSE A 









III. 







By MARGARET HELENA O’DWYER 


From the Section of Chemistry, Forest Products Research Laboratory, 
Princes Risborough, Aylesbury, Bucks 









(Received 24 December 1936) 






In a former paper [O’Dwyer, 1934] it was shown that hemicellulose A from 
English oak sapwood gives the blue coloration with iodine which is characteristic 
of starch. Although the presence of glucose among the hydrolysis products was 
not established the possibility that anhydroglucose units might nevertheless be 
present in the hemicellulose was not excluded. The formulation of an interesting 
hypothesis by Campbell [1935, 2] concerning the relationship between starch 
and hemicellulose in oak wood has now led to the examination of hemicellulose A 
along somewhat different lines and certain results have been obtained which 
appear to support the above author’s contention. 












EXPERIMENTAL 
Fractionation of hemicellulose A by takadiastase 


(a) Hemicellulose A from sapwood. Since enzymic hydrolysis offered a prospect 
of a less complex mixture of products than is obtained by the action of dilute 
acid on hemicellulose A, a series of hydrolyses was carried out by means of 
takadiastase according to the method of Denny [1934], which has been applied 
by Campbell [1935, 1] to the starch and related products from oak sapwood. 
Fourteen separate 2-5 g. (air-dry) samples of the hemicellulose isolated from 
sapwood dried in various ways [O’Dwyer, 1934] were digested at 38-40° with 
40 ml. of water, 25 ml. of a 4% aqueous solution of dialysed takadiastase and 
25 ml. of acetate buffer solution at pH 4-5 for 44 hours. 

After boiling in the usual way to destroy the enzyme it was observed that a 
considerable proportion of the starting material had not been attacked, but 
owing to the colloidal nature of the system this unattacked residue could not be 
recovered directly by filtration. On adding 1-5 volumes (approximately 140 ml.) 
of hot 95% alcohol to each flask, however, the residue settled in the form of a 
gelatinous precipitate and the hot mixture was readily filtered through an 
alundum crucible of porosity RA 360. The residue in each case was washed with 
water, alcohol and ether and then dried at 105° to constant weight. The average 
loss in dry weight of the 14 samples of original hemicellulose was 30%. None of 
the residues reduced Fehling’s solution or gave a blue coloration with iodine but 
all gave a positive naphthoresorcinol test for uronic acids and their anhydrides. 
In Table I the composition of a typical residue is compared with that of the 
starting material. 

In each case the portion of hemicellulose rendered soluble during the enzymic 
hydrolysis was found to reduce Fehling’s solution strongly. Glucose was 
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Table I. Effect of takadiastase on the composition of hemicellulose A from 
air-dry oak sapwood [O’ Dwyer, 1934] 


Original 
hemicellulose Residue 
Loss in weight 30-0% oven-dry — 
CO, as uronic anhydride OG ons 8-71% oven-dry 
Pentosan as xylan (by Tollens’s method) 83-83% 55 84-94% ,, 
[«]}” in 2% NaOH, c=0-8 — 65-2° -81-7° 


identified by means of the following three crystalline derivatives prepared by 
the method of Fischer & Paulus [1935]: glucosazone m.P. 224°, p-nitropheny]l- 
osazone M.P. 256° and p-bromophenylhydrazone m.P. 146—-148°. No other sugar 
could be detected and estimations by the method of Lane & Eynon [1934] 
indicated that 9-10°%, of the parent hemicelluloses consisted of anhydroglucose 
residues. Thus glucose only accounted for approximately one-third of the 
soluble material remaining after hydrolysis. The remaining two-thirds was 
eventually found to consist of a polysaccharide soluble in 50% but insoluble in 
80% alcohol. This latter was isolated in the usual manner as an impalpable 
white powder. It did not reduce Fehling’s solution immediately on boiling but 
a slight reduction took place on standing. The indications are therefore that this 
substance may have arisen from the parent hemicellulose as the result of the 
severance of an aldehydic linkage. Qualitative analyses of a number of samples 
of this polysaccharide indicated the presence of pentosan and uronic acid residues. 
Found [«]}° (in water) —30° for the product obtained from the hemicellulose A 
of air-dry sapwood. Found [«]7° (in water) +48° for the sugar obtained from 
the same preparation. 

Various small-scale experiments indicated that prolongation of the enzymic 
hydrolysis of hemicellulose A up to 80 hours at 38-40° did not increase the 
yield of sugar or other soluble products and that for periods under 40 hours the 
hydrolysis was incomplete. 

(6) Hemicellulose A from heartwood. Hemicellulose A from oak heartwood 
gives no change of colour with iodine. Approximately 23°% of a number of 
preparations were dissolved during digestion with takadiastase under the same 
conditions as those applied to the sapwood products. The soluble material was 
found to consist almost entirely of a polysaccharide of [«]7°—46° in water and 
—51-6° in 2% NaOH as compared with a specific rotation of —30° in water for 
the product from sapwood. The presence of uronic acid residues was confirmed 
by the naphthoresorcinol test and the substance reduced Fehling’s solution 
slightly on standing. Sugar estimations indicated that the original hemicellulose 
contained approximately 1% of anhydroglucose residues. The undissolved 
residue from the enzymic hydrolysis had the same general properties as the 
original hemicellulose. 

Since it has been found [Campbell, 1935, 1] that starch and certain related 
products can be extracted from oak sapwood by means of hot water, it is con- 
ceivable that the glucose found among the hydrolysis products of the hemi- 
cellulose preparations referred to above might have been derived from traces of 
starch which had not been completely removed during the preliminary purifica- 
tion of the parent wood substance. In order to test this point a sample of oak 
sapwood sawdust was extracted with water at 100° with changes of water at 
3-hour intervals for a total period of 105 hours. At this stage the iodine test 
revealed no starch in the residual wood substance but the hemicellulose A pre- 
pared from this residue in the usual way [O’Dwyer, 1931] gave a pronounced 
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blue coloration with iodine. The analytical data in Table II indicate a close 
similarity in composition between this hemicellulose and previous preparations 
[O’Dwyer, 1934]. 
Table II. Composition of hemicellulose A isolated from oak sapwood after 
exhaustive extraction with water at 100° 


Pentosan as xylan 82-40% oven-dry 
CO, as monomethyluronic anhydride 9-79% i 
OMe 2-02% ee 
Mineral ash 29% ja 


[x]™° (in 2% NaOH), c=0-8 - 65° 


Fractionation of hemicellulose A by digestion with water 


A series of attempts was now made to fractionate various samples of oak 
hemicellulose A without the aid of an enzyme. Prolonged soaking in water at 
room temperature or at 38° for 44 hours induced no change in the polysaccharides, 
but in every case it was found that digestion with water at 100° for 24 hours 
effected a separation into a soluble and an insoluble portion. The soluble portion 
could be removed by filtration after the insoluble portion had been coagulated 
by the addition of alcohol. The water-soluble portion was in each case precipi- 
tated by an excess of alcohol and on the average amounted to approximately 
20% of the starting material. The water-soluble portion of sapwood hemi- 
cellulose A gave no change of colour with iodine, but in every case the insoluble 
residue gave the characteristic blue colour obtained with the starting material. 
It is significant that the proportion of the original sapwood hemicellulose dis- 
solved by hot water represents the difference between the respective amounts of 
total dissolved material and sugars obtained after the action of takadiastase. An 
extension of the treatment with hot water to 30 hours produced no difference in 
the percentage dissolved or in the general properties of the fractions obtained. 
Similar treatment of hemicellulose A from heartwood also yielded both a 
soluble and an insoluble fraction. 


Discussion 


The object of the foregoing experiments has been in the first instance to 
obtain evidence concerning the significance of the blue coloration given by the 
hemicellulose A of oak sapwood with iodine-potassium iodide solution. The 
identification of glucose among the products of the enzymic hydrolysis of the 
polysaccharide now makes it clear that the portion of the complex which is 
responsible for the coloration consists of anhydroglucose residues. When these 
latter are removed the residual hemicellulose fails to give the blue coloration 
with iodine. The conclusion that anhydroglucose residues form integral parts 
of a polysaccharide chain in oak hemicellulose A is supported by at least two 
separate pieces of evidence. In the first place the product prepared from wood 
which had previously been exhaustively extracted with water to remove the 
more readily dispersible polysaccharides still gave a blue coloration with iodine- 
potassium iodide solution. Secondly, although wood starch and certain closely 
related bodies [Campbell, 1935, 1, 2] are readily dispersed by hot water, digestion 
of hemicellulose A with water at 100° for periods up to 30 hours failed to disperse 
the portion which contains anhydroglucose residues. It is therefore obvious 
that a close constitutional similarity exists between part of the hemicellulose A 
of oak sapwood and the polysaccharides already isolated by Campbell [1935, 1, 2] 
and, although it is impossible at this stage to draw definite conclusions, the 
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results appear to afford strong support for the hypothesis advanced by the above 
author [1935, 2] concerning the derivation of hemicellulose A. It is hoped that 
further light may be thrown on this important question as a result of the 
investigations of the water-soluble portion of hemicellulose A and also of 
hemicellulose B which are in progress. 

It has been shown above that hemicellulose A from the heartwood of 
English oak is constitutionally sharply differentiated from the product obtained 
from sapwood. In amplification of previous work [O’Dwyer, 1934] it has now 
been shown that the proportion of anhydroglucose units in hemicellulose A 
decreases in marked degree during the transition from sapwood to heartwood. 


SUMMARY 


Hemicellulose A from sapwood and heartwood of English oak, on treatment 
with takadiastase at pH 4-5 is split up into two polysaccharide fractions. 
Glucose corresponding to about 10% of the starting material has also been 
obtained by this method from the hemicellulose A of sapwood. 

Digestion of hemicellulose A with water at 100° results in a fractionation of a 
somewhat similar character except that glucose residues are not split off. 

Anhydroglucose units apparently form a definite proportion of hemicellulose 
A and considerable support is given to the hypothesis put forward by Campbell 
[1935, 2] as to the origin of these substances in wood. 


The author is deeply indebted to Mr W. G. Campbell for valuable suggestions 
in connexion with the work. Her best thanks are also due to Sir James C. Irvine 
for criticism of the manuscript and to Mr W. A. Robertson, for permission to 
publish this communication. 
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Tue idea that vitamin A is a single sharply defined chemical entity suffered a 
set-back when it was discovered that the fundamental biological criteria could 
be satisfied by several carotenoids obviously different from the active principle 
of liver oils. This complication was mitigated, on the theoretical side, by the 
demonstration that f-carotene and certain structurally related lipochrome pig- 
ments are capable of transformation, within the body, into the vitamin A of 
liver and are therefore to be regarded as provitamins. The routine biological 
test does not differentiate provitamins from vitamin but on the practical side 
this particular non-specificity is relatively unimportant because, according to 
available evidence: 

(1) The activity of vegetable products is due entirely to provitamins. 

(2) The activity of liver oils is uninfluenced by provitamins, which are present 
only in small traces. 

(3) Methods applicable to the determination of carotenoids (e.g. absorption 
spectra in the visible region) and ultra-violet spectroscopy as applied to vitamin 
A permit separate, fairly accurate evaluation of the contributions to the total 
growth-promoting effect of provitamins and vitamin where they co-exist in 
comparable amounts, as in milk, butter, eggs, blood, ete. 

It has hitherto been assumed that among all the possible degradation 
products of carotenoids only one, vitamin A, possesses biological activity and 
that any subsequent change (e.g. oxidation) results in a complete loss of activity. 
On the score of simplicity these assumptions have much to commend them, but 
they possess no necessary validity. In the study of vitamin D it was for a time 
reasonable to believe that ergosterol was unique as provitamin D and that 
calciferol was the unique antirachitic agent. Convincing evidence has since made 
such a view quite untenable and a plurality of provitamins D and antirachitic 
agents is now established. This experience renders it all the more necessary to 
examine carefully the assumption of the uniqueness and strict homogeneity of 
the alcohol C,,H,,OH isolated from liver oils. 

Vitamin A, as thus known, has definite characteristics. The richest con- 
centrates are apparently homogeneous and reproducible and exhibit: 

(i) An absorption maximum at 325-328 my of intensity H}*/e 1600. 

(ii) Chromogenic properties towards antimony trichloride, with the specifi- 

cations: 
(a) Blue value 80,000-100,000 Carr-Price units. 
(6) Absorption maxima at 617-620 mp (£}*/: 5000) and 583 mp (£} °° 
2600). 
( 258 ) 
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(iii) A biological value of the order 1-7-2 million International Units 
per g. 
(iv) An elementary analysis corresponding with C,,H,,OH. 

The assumption that the foregoing characteristics are exhibited either 
exclusively by a single isomeride of the alcohol C,,H,,OH or equally by all 
isomerides, and that related compounds are inert in every sense, involves a set 
of constant ratios between the various characteristics; in particular Frese 
should provide a constant conversion factor. The value of 1600 recommended 
by the International Conference of 1934 represents a useful compromise, but 
careful estimates of the conversion factor on different preparations and in 
different laboratories may vary over the range 700-2500 and it remains uncertain 
how far the discrepancies are due to inaccuracy in the biological assays and how 
far to other contributory causes of a more fundamental nature. The dis- 
crepancies appear, however, to be outside any known experimental error. 
Heterogeneity in the growth-promoting material might be indicated by: 

(1) A normal absorption spectrum accompanied by abnormally high! 
biological activity. 

(2) Displacement of the maximum in the ultraviolet absorption accom- 
panied by biological activity in excess of the amount corresponding with the 
proportion of ‘328 my” vitamin A present. 

(3) Similar anomalies involving the antimony trichloride colour test. 

The first two indications would probably be superior to the third, in view of 
the known sensitivity of the colour test to inhibitors and other foreign material 
[e.g. Morton, 1932; and several others]. Morgan et al. [1935], in the first paper 
of this series, have already raised the question of heterogeneity, and the present 
work supplements the evidence previously adduced. 

Some 3 years ago, in attempting to remove inert or feebly active material 
from sterol-free mammalian liver oil concentrates, it was found that aqueous 
alcohol (83%) readily dissolved the main chromogenic constituent, leaving 
behind about half the original material as an insoluble fraction possessing a 
lower ultraviolet absorption and blue value. Further quantitative experiments 
on these lines have shown that the alcohol-soluble fraction corresponds very 
closely with the physical and chemical criteria for vitamin A; whereas the 
insoluble portion accumulates quite appreciable quantities of a substance 
characterized by an ultraviolet maximum at 285-290 my, and an abnormal 
colour reaction. Both fractions showed biological activity of a high order (cf. 
Table I, Figs. 1-4). 

The biological value of an alcohol-insoluble fraction could be predicted 
within the limits of error which apply to more normal materials by assuming 
that the gross absorption at 328 my afforded a measure of vitamin A content. 
In order to investigate more fully the material absorbing at 285-290 my it was 
decided to attempt a more complete separation. Two procedures suggested 
themselves : 

(A) Selective adsorption of the insoluble fraction, following the chromato- 
graphic technique of Tswett. 

(B) More exhaustive extraction with 83% alcohol. 

(A) Aluminium oxide prepared according to the recommendations of Brock- 
mann was used as adsorbent and several fractions were obtained, particulars of 


1 An unduly low bio-assay is capable of similar interpretation but may alternatively be 


attributed to the presence of inactive chromogenic material. 
17 
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0 250 300 350 mp 0 250 300 350 mp 
Fraction soluble in 83 % ethyl alcohol Fraction insoluble in 83 % ethyl alcohol 


Fig. 1. Mammalian liver oil concentrate A. The dotted curves are an attempt to resolve the 
main curve into two components one of which is the absorption spectrum of vitamin A; if 
this curve, drawn to scale, is subtracted from the main curve, a third curve with a maximum 
at 285-290 my is obtained. A better separation was achieved in some of the subsequent 


experiments, but most of the curves can be so resolved. 
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Fraction soluble in 83 % ethyl alcohol 


Fig. 2. Mammalian liver oil concentrate B. 
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Fraction soluble in 83 % ethyl alcohol Fraction insoluble in 83 % ethyl alcohol 


Fig. 3. Commercial cod-liver oil concentrate. 
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Fig. 4. Johnius hololepidotus liver oil. 
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Table I. (Cf. Figs. 1-4) 
Blue Spectroscopic 



















value _, data 
Bio- Carr- E}(/: values at ; i 
assay Price eae Bio-assay _Bio-assey 
LU. units 620 583 328mpz Bluevalue £}/< 328mp 
Fractions soluble in 83% alcohol 
Mammalian liver oil. 410,000 22,700 1330 760 430 18 950 








Concentrate A 







2430 1345 720 
Nearly normal, 
but band also 
seen at 315mp 


Commercial cod-liver 630,000 35,700 1450 840 480 17-7 1310 


Mammalian liver oil. 49,000 


Concentrate B 


















oil. Concentrate Normal, apart from 
inflexion at 315my 
Concentrate from 1,025,000 50,600 2520 1320 800 20-2 1280 
liver oil of Johnius Doubtful inflexions 
hololepidotus 315 and 340my. 







Otherwise normal 


Fractions insoluble in 83% alcohol 








Mammalian liver oil. 226,000 7,000 460 285 230 32:3 1000 
Concentrate A No band at 328muz. 
Max. at H}!: 
290mp 385 
Mammalian liver oil. 112,000 2,700 320 310 180 41-5 620 
Concentrate B No band at 328myz. 





Max. at E{5" 
290m 270 
Commercial cod-liver <37,000 1,075 5 61 5&2 <34 <700 
oil. Concentrate Curve shows fine 
structure. Main 
max. £}.,, 279mp 
58 
Concentrate from 20,000 565 38-7 24-1 13-4 37 1500 
liver oil of Johnius Actual maxima 
hololepidotus EE}: 284myp 11-2 
324myp 13-5 
















which are given in Table II. The second layer was the most interesting, in that 
the material showed a strong absorption band at 286 my and a new maximum 
at 496 my in the colour test. Iodine values were determined on each fraction. 
From the results it seems improbable that squalene-like hydrocarbons were 
present, as they would be among the least strongly adsorbed components and 
the lower layers would accordingly show rising iodine values. They may, of 
course, have been in the very small fraction which passed right through the 
column, but their absence from the fractions examined may be safely inferred. 

During adsorption there is always the possibility of artefacts as several 
workers [Gillam & El Ridi, 1936; Heilbron et al. 1934] have found to be the case 
for carotene and vitamin A. In order to make sure that the material responsible 
for the 496 mp band had not been produced in this manner, but is actually 
present in the alcohol-insoluble fraction, an attempt was made to effect separation 
by more rigorous exhaustive extraction with aqueous alcohol. 

(B) This procedure involved placing the sterol-free concentrate (14,500 blue 
value) in a cylinder (50 ml.) filled with 83 % ethyl alcohol, and blowing nitrogen 
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Table IT 


Sample Weight (g.) Colour Iodine value Blue value 


Untreated fraction 2-5 Reddish brown 191 _ 

Top layer 0-726 Red 211 2480 
Second layer 0-489 Reddish yellow 154 610 
Third layer 0-500 Light yellow 136 2600 
Lowest layer 0-402 Very pale yellow 129 3000 
Not adsorbed 0-012 Colourless — 250 


Spectroscopic data 
(E}"'° values at the wave-lengths specified) 


~ 1 cm, 
Top layer Second layer Third layer Lowest layer 
Colour test: 
606 mp 216 600 mp 236 600 mp 420 
This band divided on standing 575 my 161 575 mp 295 Fraction 
into two submaxima lost 


620 mu 183 

583 mp 162 

495 mp 106 495 mp 225 495 my 158 

(ill-defined) 

Ultraviolet: 

328 mp 120 328 mp 100 328 mp 140 
(No max.) (No max.) (No max.) 

289 mp 260 286 mp 260 286 mp 200 
(Max.) (Max.) (Max.) 


through the mixture in order to effect thorough stirring. After 5 min., the 
concentrate was allowed to settle and the supernatant liquid decanted. The 
process was repeated with 10-12 fresh portions of the solvent, until no trace of 


yellow colour was discernible in the upper layers. The alcoholic solutions were 
centrifuged when necessary and any insoluble residue replaced in the cylinder. 
Both fractions were dried at 100° in a stream of nitrogen. 


Blue BR 


lem. 


value 620mp 594mp 583mp 496mp 290mpz 328my 

83° alcohol-soluble 24,500 1340 —- 740 = — 440 

fraction: 5-638 g. (Good band) 
83% alcohol-insoluble 1,160 180 172 240 80 

fraction: 4-592 g. (No band) 

The blue value and the spectroscopic data on the alcohol-soluble portion 

revealed nothing of interest and the fraction was not examined further. The 
insoluble fraction, however, was strikingly abnormal in that it (a) showed no 
620, 583 nor 328 my bands, (b) was unaffected by 7-methylindole in the colour 
test, (c) exhibited maxima at 594 and 496 my (rapidly fading) in the colour test, 
and 290 my in the ultra-violet absorption spectrum, (d) exhibited well-defined 
narrow bands of the type associated with cyclized vitamin A, (e) possessed 
marked biological activity, 17,900 1.U. per g. 


DiscusstIon 


It seems highly improbable that sufficient unchanged vitamin A, C,,H,,OH, 
was present to account entirely for the last-mentioned bio-assay. Perhaps the 
most sensitive qualitative test for vitamin A in the presence of other chromogenic 
and chromophoric substances is the development of narrow absorption maxima 
at 333, 350, 369 and 392 my after standing for 20 min., at room temperature, 
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in N/30 alcoholic hydrogen chloride solution [Edisbury e¢ al. 1932]. This 
anomalous fraction already showed two of these maxima and an inflexion 
indicated the presence of a partially obscured third (Fig. 5), but there was 





250 300 35 


Fraction insoluble in 83 % alcohol 





Fig. 5. Mammalian liver oil concentrate. 


complete failure to respond further to the test, in spite of a favourably low 
intensity of absorption in this region. On the basis of a bio-assay of 17,900 1.0. 
per g. and assuming unchanged vitamin A to be the sole biologically active 
constituent of the fraction, the contribution of vitamin A to the absorption at 
328 my would be between 9 and 18.1 Previous experience has shown that on 
cyclization the whole vitamin absorption curve is displaced some 40 my towards 
the visible, so that the intensity at 369 my approximates to the original intensity 
at 328 my. In this instance an increase of the order of 50% in the intensity at 
369 my was to be expected; actually no change was observed. Taking into con- 
sideration all the evidence, including the absence of a 620 my band fromthe 
colour test, it seems highly improbable that this fraction contained more than 
a trace of vitamin A, if any. There are three other possible sources of the observed 
activity: (i) the ‘285-290 my” product, which may or may not be directly 
associated with the 496 my band in the colour test; (ii) fully cyclized vitamin A, 
(iii) some hitherto unidentified transparent (or completely masked) material. 
These possibilities must be much more fully explored before even a tentative 
identification of the active constituent can be made. It may be pointed out that 
unless the cyclized product itself possesses biological activity at least as high as 
the vitamin, it is impossible to reconcile the bio-assay of 17,900 1.U./g. with the 
observed intensities of the narrow bands in Fig. 5. (Edisbury e¢ al. [1932], 
showed that the cyclization does not influence the order of H values.) For the 
first possibility (the 285-290 my product) the ratio Bio-assay/EZ}<' 290 my is 
only of the order 75, i.e. about 1/20th the factor associated with vitamin A. A 


1 


Bio-assay 17,900 _ 17,900 1°%s 99 
Conversion factor 2,000 ”" 1,000 mate to B.S mp O oe 
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substance related to C,,H,,OH, but containing one ethenoid iinkage less, would 
probably exhibit max. 285-290 my E}°'* somewhat <1600, but of the same 
order. It would also probably be chromogenic toward antimony trichloride. 

Karrer e¢ al. [1933] reported chromatographic separation of a rich concen- 
trate into two fractions, one of which absorbed at 270 my, whilst Castle et al. 
[1934] and other investigators obtained, by partial oxidation of vitamin A, 
fractions absorbing at 275-280 my. It is conceivable that in some natural 
products the gross absorption at 328 mu may be appreciably enhanced by the 
presence of such materials as the Karrer, Castle or ‘285-290 mu” substances, 
resulting in the prediction, from the observed absorption at 328 mp, of a 
fictitiously high activity which would not be supported by subsequent bio-assay. 
While this possible source of error can have little practical effect on the vast 
majority of spectroscopic assays, especially in view of the fact that anomalous 
absorption is comparatively rare and easily recognized, it may be significant 
in these circumstances. We propose to pursue this matter further, and also to 
study the possible biological activity of the fully cyclized material. 


SUMMARY 


In continuation of earlier work [Morgan et al. 1935] on the discrepancies 
between biological and physico-chemical methods of vitamin A assay, rich con- 
centrates have been separated into two fractions by exhaustive extraction with 
aqueous 83% alcohol. The soluble fractions generally correspond fairly closely 
with the physical and chemical criteria usually accepted for vitamin A. The 
insoluble fraction is highly abnormal, possessing much greater biological activity 
than would be anticipated from the blue value, and exhibiting a maximum at 
285-290 my in the ultraviolet absorption spectrum, often without even an 
inflexion at 328 my. The most interesting fraction, one derived from a mammalian 
liver oil concentrate, contained no detectable vitamin A (no bands at 620, 583 
or 328 my; no change in spectrum on treatment with alcoholic hydrogen 
chloride) but was biologically active (17,900 1.vU. per g.) and had the following 
spectral characteristics: 

Colour test H{*/e 594 mu 180, 496 my 172; ultraviolet absorption E}°'2 
290 my 240; also some minor bands indicating cyclized products. It is not 
known whether the biological activity is associated with the constituent 
showing these characteristics, but if so, it has only 1/20th of the activity of 
vitamin A, and is not considered to be the cause of the major discrepancies 
encountered in fish-liver oils. Similar but less striking fractions have been 
obtained by chromatographic adsorption. 
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F6tirNe [1934] discovered that, in certain cases of mental deficiency, phenyl- 
pyruvic acid was excreted in the urine. His attention was drawn to the pheno- 
menon by the characteristic colour produced by the addition of ferric chloride 
solution to the urines of these patients, and he identified the responsible sub- 
stance as phenylpyruvic acid. Other cases have since been recognized [Penrose, 
1935]. The condition is familial: more than one child in a family may be affected 
but the parents and remaining members of the family are usually normal. 
Genetically the abnormality appears to be inherited as a single Mendelian 
recessive character and, in this way, it resembles two other metabolic abnorma- 
lities, aleaptonuria and albinism, though it is not so rare as they are. It is 
proposed to refer to the condition as phenylketonuria. 

















Proof of the excretion of phenylpyruvic acid in phenylketonurics 


100 ml. of urine, giving the typical ferric chloride reaction of phenylketonuria, 
were filtered and the filtrate treated with 100 ml. of a saturated solution of 
2:4-dinitrophenylhydrazine in N HCl. There was formed immediately a yellow 
precipitate which, after standing at room temperature for 1 hour, was collected 
and washed with water. The precipitate was dissolved in hot alcohol and re- 
precipitated by the addition of a little more than the same volume of water. 
(Found (Weiler): C, 52-16; H, 3-61; N, 15-99%. The dinitrophenylhydrazone of 
phenylpyruvic acid requires C, 52-3; H, 3-49; N, 16-28%.) 

The m.P. was 187° (uncorr.) and was not changed by admixture with an 
authentic specimen of 2:4-dinitrophenylhydrazone of phenylpyruvic acid. 

4-2 mg. of the dinitrophenylhydrazone were dissolved in 10 ml. V/100 NaOH 
and titrated with N/100 H,SO, [ef. Clift & Cook, 1932]; 8-84 ml. acid were 
required whence 1-16 ml. V/100 acid neutralized 4-2 mg. of the dinitrophenyl- 
hvdrazone. (Calc. 1-22 ml.) 
















Methods of estimation of phenylpyruvic acid in the urine of 
phenylketonurics 






The concentration of phenylpyruvic acid in urine can be estimated roughly 
by comparing the colour obtained after the addition of ferric chloride solution 
with the colour obtained with a standard solution of the acid; if the urine is 
made slightly acid and diluted to an appropriate degree the colours can be made 
to match very closely. This will be referred to as method P. 

A more accurate and sensitive and indeed more convenient method depends 
on the formation of the 2:4-dinitrophenylhydrazone and the solution of this in 
standard alkali solution. The resulting colour is compared with standard colours 
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obtained with known amounts of phenylpyruvic acid. This method wili be 
referred to as method Q and the details of this method are as follows. 

Reagents required. (A) 0-7 g. of 2:4-dinitrophenylhydrazine is dissolved, with 
warming, in 250 ml. N HCl. The solution is cooled, kept in the dark in a well- 
stoppered flask and filtered immediately before use. 

(B) N NaOH solution. 

Technique. The suspected urine is filtered, 5 ml. of the filtrate are treated with 
5 ml. of the filtered dinitrophenylhydrazine reagent, and the mixture is well 
shaken. In all cases of phenylketonuria there is formed almost immediately 
a yellow opalescence or a yellow precipitate. After 30 min. at room temperature, 
the mixture is again well shaken, and 2 ml. are transferred to a test-tube, to 
which 4 ml. N NaOH are added. There is formed immediately a deep red or 
reddish brown coloration. The mixture is gently shaken, kept for a few minutes 
and transferred to a flask containing 24 ml. water. This is immediately compared 
colorimetrically with standard solutions of phenylpyruvic acid made up in 
normal urine and treated in the manner described. The colorimetric comparison 
has been greatly facilitated by the use of a Lovibond Comparator Disc, which 
has been prepared in conjunction with Messrs The Tintometer, Ltd., of the 
Colour Laboratory, Milford, Salisbury. The disc gives the colours due to normal 
urines containing, 0, 20, 40, 50, 60, 70, 80, 90 and 100 mg./100 ml. phenylpyruvic 
acid after treatment with dinitrophenylhydrazine and NaOH by the above 
technique. The final reddish brown alkaline solution is poured into a standard cell 
provided with the comparator and the colour compared with one of the disc colours, 
using daylight or white light as the source of light. The experimental error lies 
within +10%. If the colour given by the urine of the phenylketonuric proves 
to be greater than that corresponding to 100 mg./100 ml. phenylpyruvic acid, 
the estimation should be repeated using a mixture of 2-5 ml. urine and 2-5 water, 
to which the dinitrophenylhydrazine reagent is now added. The reading given 
on the disc is multiplied by two to give the correct estimation of phenylpyruvic 
acid in the urine. If the final colour is still deeper than that corresponding on 
the dise to 100 mg./100 ml., further dilutions of the urine should be made. 

It is useless to make estimations of phenylpyruvic acid in urines which have 
become contaminated and have developed an alkaline reaction. Under these 
conditions the ketonic acid decomposes relatively quickly. Urines should be 
preserved by the addition of a few crystals of thymol, which does not interfere 
with the estimation, and should be kept in the ice-chest. 

The presence of acetoacetic acid interferes with the estimation and should 
be tested for in all cases by the usual Rothera test. The addition of glucose 
seems not to interfere with the estimation, but, so far, no cases of phenylke- 
tonuria have been found in which there have been any abnormalities so far as 
acetone bodies, glucose and protein are concerned. 


Typical values of phenylpyruvic acid excretion in phenylketonurics 


Patient A, a female imbecile phenylketonuric, age 42. The amount of urine 
passed in 24 hours was 1090 ml., sp. gr. 1015, pH 5-0, urea content 2-02 %. The 
concentration of phenylpyruvic acid in the urine was 126 mg./100 ml. by method 
Q and 120 mg./100 ml. by method P. The total excretion of phenylpyruvic acid, 
in this patient, was therefore rather more than 1 g. daily. 


1 A normal urine—containing no phenylpyruvic acid or other ketonic acid—will give under 
these conditions a red colour which disappears quickly leaving a slightly yellow solution. 
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With patients of this grade of mental defect it is not always easy to obtain 
the co-operation necessary for the best experimental conditions. The total 
quantity of urine passed every 24 hours could not always be obtained and 
specimens were therefore taken at regular times: (i) 9.30 a.m., (ii) 3.30 p.m., 
(iii) 6.30 p.m. and (iv) 5.30 a.m. next morning. The mean value of the readings 
of these four specimens corresponded closely to the readings of the 24 hours’ 


specimen. 


A typical set of readings in 1 day is as follows: 
9.30 a.m. en ne 164 mg./100 ml. phenylpyruvic acid 
3.30 p.m. bao ids 120 oa a 
6.30 p.m. aoe re 176 Pe a 
5.30 a.m. een ae 98 am 5 
Mean value ... ies 139 a Me 


Results with patient A are shown in Table I. In this table it will also be seen 
that the ratio of phenylpyruvic acid excretion to urea excretion (taking mean 
values) is approximately constant. About 1 g. phenylpyruvic acid is excreted 
for every 15 g. urea. 


Table I. Normal diet. Estimation of phenylpyruvic acid in 
urine by method Q 


Phenylpyruvic Phenylpyruvic/ 
acid Urea urea 
Patient Date mg./100 ml. % pH Ratio 
(a) 24 hours’ specimen 
A 28. xii. 35 126 2-02 5-0 0-063 
(b) Means of specimens at 9.30 a.m., 3.30 p.m., 6.30 p.m. and 5.30 a.m. next morning 
A 20. xii. 35 139 1-98 5-2 0-070 
A 26. iii. 36 136 2-19 5-2 0-062 
A 27. iii. 36 115 1-51 6-3 0-076 
Average value 130 1-89 5-7 0-069 


Typical figures indicating the range of variation of the phenylpyruvic/urea 
ratio during the day are shown in Table IT. 


Table IT 


Phenylpyruvic 
acid 
Date and time concentration Urea 

Patient A mg./100 ml. % Ratio 

26. iii. 36 5.30 a.m. 90 1-59 0-056 
9.30 a.m. 200 2-43 0-080 

3.30 p.m. 120 2-18 0-055 

6.30 p.m. 112 2-00 0-055 

27. iii. 36 = 5.30 a.m. 112 2-16 0-052 
9.30 a.m. 180 2-13 0-085 

3.30 p.m. 60 0-92 0-065 

6.30 p.m. 90 1-32 0-068 


28.iii.36 5.30 a.m. 130 1-65 0-079 











Results with patient A using method P are shown in Table ITI. 

In the case of patient B, male phenylketonuric idiot, age 21, the phenyl- 
pyruvic acid excretion was distinctly less than in the case of patient A. In this 
case values of 40-50 mg./100 ml. phenylpyruvic acid in the urine were recorded. 
The phenylpyruvic/urea ratio was found to be about 0-04. 
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Table III. Normal diet. Estimation of phenylpyruvic acid in 
urine by method P 
Phenylpyruvic acid 
Patient Date mg./100 ml. 
(a) 24 hours’ specimen 
A ; 28. xii. 35 120 
(6) Means ot specimens at 9.30 a.m., 3.30 p.m., 
6.30 p.m. and 5.30 a.m. next morning 
20. xii. 35 
26. iii. 36 
27. iii. 36 
. Vii. 36 
2. vii. 36 
Average value 


Effects of partial protein starvation on phenylpyruvic acid excretion 


If phenylketonurics are unable properly to metabolize a constituent of the 
protein of the diet, it was thought likely that if the protein intake could be 
reduced to a minimum, the concentration of phenylpyruvic acid in the urine 
would be greatly decreased. 

This experiment was carried out on patient B. This patient was not suffi- 
ciently co-operative to make the collection of urine specimens at definite times 
possible. Daily specimens were, however, collected and the average daily 
excretion of phenylpyruvic acid found to be about 50 mg./100 ml. The patient 
was then placed on a diet containing less than half the usual amount of protein. 
The phenylpyruvic acid excretion dropped at once, only traces of the ketonic 
acid being found in the urine during the first 2 days. On the 4th, 5th, 6th and 
7th days the concentration rose to a constant level of 35 mg./100 ml. and on the 
8th day it rose to 75 mg./100 ml. During this period the patient lost } lb. in 
weight. The conclusion would be that phenylpyruvic acid formation is dependent 
on the breakdown of a constituent of the dietary protein; when the latter is 
greatly reduced in amount, endogenous breakdown of tissue proteins would 
account for the secondary production of phenylpyruvic acid in the urine. 


Effects of feeding phenylalanine 

Félling reported that, in phenylketonuria, the excretion of phenylpyruvic 
acid is increased on addition of phenylalanine to the diet. We have confirmed 
this observation. 

The addition of 1 g. phenylalanine to the diet causes a slight, but not very 
marked rise in the concentration of phenylpyruvic acid in the urine and also 
a rise in the phenylpyruvic acid/urea ratio. After a dose of 3 g. the increase of 
phenylpyruvic acid excretion and of the phenylpyruvic acid/urea ratio is very 
marked. 

Results obtained with patient A after dosages of 3 g. dl-phenylalanine, 
d-phenylalanine and /-phenylalanine are shown in Table IV. The results indicate 
a rise of the order 0-03 in the phenylpyruvic acid/urea ratio (i.e. from a normal 
value of 0-069 (see Table I) to an average value of 0-095 after 3 g. phenylalanine 
administration). Both optically active forms of phenylalanine seem to be about 
equally effective in causing extra phenylpyruvic acid excretion in the urine. In 
the experiments the results of which are recorded in Table IV, 1 g. of the amino- 
acid was administered to the patient with her breakfast at about 7.30 a.m. and 
2 g. were given at about 12.30 p.m. 
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Table IV. Normal diet. Means of 4 specimens of urine per day 
Phenylpyruvic acid 











mg./100 ml. Phenyl- 
ieee pyruvic 
Method Method Urea (Q)/urea 
Patient Date Substance added to diet Q P % Ratio 
A 3. xii. 35 dl-Phenylalanine (3 g.) 114 143 1-17 0-097 
A 11. ii. 36 d-Phenylalanine (3 g.) 159 180 1-65 0-096 
A 14, i. 36 1-Phenylalanine (3 g.) 158 147 1-80 0-088 
A 29. iv. 36 l-Phenylalanine (3 g.) 200 185 1-98 0-101 
A 18, xii. 35 Tyrosine (6 g.) 171 151 2-47 0-069 





It seems likely from these results that the phenylpyruvic acid excreted in 
phenylketonuria arises from faulty breakdown of phenylalanine present in the 
diet. The disturbance in the phenylalanine metabolism cannot be considered 
complete, however, for calculation shows that in the normal diet of patient A 
there is a daily intake of 2-2-5 g. phenylalanine with a daily output of 1-1-5 g. 
phenylpyruvic acid. Nearly half, therefore, of the phenylalanine in the normal 
diet of the patient seems to be metabolized completely.1 Moreover, the extra 
production of phenylpyruvic acid, after administration of an extra 3 g. phenyl- 
alanine, is, so far as we can judge, definitely less than what would be expected if 
the amino-acid were transformed only into the ketonic acid. 

Experiments were carried out with patient B to determine the effects of 
feeding phenylalanine to a phenylketonuric on a low protein diet. Four daily 
doses of 1 g. dl-phenylalanine caused a rise in the phenylpyruvic acid excretion 
and in the phenylpyruvic/urea ratio. This may be seen in the results given in 
Table V, where it should be noted that the observations refer only to single daily 
specimens of urine. The low protein diet had to be stopped because the patient 
was continuing to lose weight at the rate of 1 lb. a week. 




















Table V. Low protein diet. Single daily specimens of urine ; 
average values 







Phenylpyruvic 
aci 
mg./100 ml. Urea 
Patient Date ‘Substance added to diet Method P % 
B 7-11. x. 35 —_ 96 1-44 
B 12-14. x. 35 Tyrosine (2 g. daily; 3 days) 86 1-29 
B 15-18, x. 35 _— 152 2-73 
B 19-22. x. 35 dl-Phenylalanine (1 g. daily; 4 days) 218 2-16 
B 23-24. x. 35 _— 82 1-38 





In order to assess properly the effects of feeding phenylalanine to phenyl- 
ketonurics, similar experiments were carried out on feeble-minded patients who 
did not exhibit phenylketonuria. 

Patient C, feeble-minded female, age 45, normally excreted no phenylpyruvic 
acid. After a dose of 3 g. dl-phenylalanine a mean concentration of about 
20 mg./100 ml. phenylpyruvic acid was observed in the urine during the next 
24 hours. Administration of 3 g. d-phenylalanine had an even more marked 
effect, a mean concentration of 30 mg./100 ml. phenylpyruvic acid being found 
in the urine. Administration of 3 g. l-phenylalanine, however, gave rise only to 
traces of phenylpyruvic acid in the urine. It thus appears that normally 
l-phenylalanine is metabolized more completely than the d-form, under similar 
experimental conditions. These results were confirmed by giving patient D, a 
1 Phenylalanine determinations in the urine have, however, not been made. 
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feeble-minded female, age 30, with no phenylketonuria, 3 g. of di-phenylalanine 
after which the excretion of 5 mg./100 ml. phenylpyruvic acid was observed. 
Patient E, a feeble-minded female age 30, developed no phenylketonuria after 
being fed on 3 g. /-phenylalanine. The increase in the phenylpyruvic/urea ratio, 
after the administration of dl- or d-phenylalanine to non-phenylketonurics, is 
not as great as that obtained after similar administration to phenylketonurics 
(see Table IV). These results are shown in Table VI. 


Table VI. Control experiments. Non-phenylketonuric patients. Normal diet. 
Means of 4 specimens per day 


Phenylpyruvic 
acid 
mg./100 ml. Phenyl- 
a pyruvic 
Method Method Urea (Q)/area 
Q P % Ratio 


Patient Date Substance added to diet 
12. xi. 35 dl-Phenylalanine (3 g.) _- 15 a — 
. xii. 35 dl-Phenylalanine (3 g.) 24 22 1-47 0-016. 


3 

14, xi. 35 dl-Phenylalanine (3 g.) — 5 — 

14. i. 36 d-Phenylalanine (3 g.) 30 22 1-72 0-017 
11. ii. 36 l-Phenylalanine (3 g.) 0 0 1-29 0-000 
29. iv. 36 l-Phenylalanine (3 g.) 0 0 1-11 0-000 
18. xii. 35 Tyrosine (6 g.) ? Trace 0 0-80 ? 


The results of the feeding experiments with phenylalanine lead to the 
following conclusions: 

(1) In phenylketonuria, only part of the phenylalanine ingested appears as 
phenylpyruvic acid. 

(2) The phenylketonuric has almost as great a difficulty in metabolizing 
l-phenylalanine as in metabolizing d-phenylalanine. The non-phenylketonuric, 
on the other hand, apparently metabolizes /-phenylalanine with greater ease than 
either dl- or d-phenylalanine. Both optically active forms are metabolized less 
completely in the phenylketonuric than in the normal. 


Effects of feeding tyrosine 

Administration of tyrosine to phenylketonurics (patients A and B) did not 
consistently result in any increase in the phenylpyruvic acid excretion. The 
effect of tyrosine feeding (patient A) in small quantities (2-3 g.) on the rate of 
phenylpyruvic acid excretion during the subsequent 24 hours was scarcely 
noticeable. During the next 2 or 3 days, however, there seemed to be a slight 
increase in the ketonic acid formation. 6 g. of tyrosine given in doses of 2 and 4 g. 
appeared to cause a small rise in the ketonic acid excretion but the phenyl- 
pyruvic/urea ratio was unaltered (Table IV). In the case of patient B, 2 g. 
tyrosine were given daily for 3 days without noticeable alteration in the ketonic 
acid production (Table V), but during the 3 days following, the concentration of 
phenylpyruvic acid appeared to be slightly higher. 

It was found impossible to induce any phenylketonuria in control patients 
by feeding tyrosine, though in patient C after a dose of 6 g. tyrosine there may 
have been a trace of ketonic acid excreted (Table V1). 

The results indicate that in phenylketonuria tyrosine is probably normally 
metabolized. 

Effects of feeding 1-alanine 

Administration of alanine (in doses of 10 g.) to the phenylketonuric (patient 
A) did not result in an increased excretion of ketonic acids in the urine. The 
phenylpyruvic/urea ratio before the administration of the alanine was 0-07, and 
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4 hours after feeding the amino-acid the ratio was 0-06. This result indicates, as 
may have been expected, that alanine is normally metabolized in the phenyl- 
ketonuric. The amino-acid produced no ketonuria in the control patient 
(patient C). 
Effects of feeding phenylpyruvic acid 

The results, so far, might be explained by assuming that phenylalanine 
undergoes two modes of breakdown in the body: (i) through phenylpyruvic acid 
and (ii) possibly through tyrosine. Evidence for the first process comes from the 
work of Félling and from our own results. There is also evidence that, in vitro, 
in presence of kidney slices phenylalanine is oxidized to phenylpyruvic acid 
[Krebs, 1933]. The evidence for the second process comes from the studies of 
alcaptonuria (Falta), from the work of Embden & Baldes [1913] who reported 
that perfusion of the liver with dl-phenylalanine leads to the production of small 
amounts of /-tyrosine, and from the work of Medes [1932]. Probably the first 
of these processes takes place more easily than the second. It is not unlikely 
that phenylpyruvic acid is a normal product of metabolism. The fault in phenyl- 
ketonuria may lie not in excessive conversion of phenylalanine into phenyl- 
pyruvic acid but in the failure to break down phenylpyruvic acid further. 

Experiments were therefore carried out to determine whether phenylpyruvic 
acid is broken down with equal ease in the phenylketonuric and the non-phenyl- 
ketonuric. 

Results of feeding phenylpyruvic acid to two phenylketonurics (patients A 
and B) and to a non-phenylketonuric (patient C) are shown in Table VII, where 
the mean results of 4 specimens of urine per day are recorded. Administration of 
phenylpyruvic acid to a phenylketonuric causes an immediate increase in the 


Table VII. Normal diet. Means of 4 specimens of urine per day 


Phenylpyruvic 
acid 

mg./100 ml. Phenyl- 

ee ree pyruvic 

Method Method Urea (Q)/urea 
Patient Date Substance added to diet Q r % Ratio 
A 21. iii. 36 Phenylpyruvic acid (1-5 g.) 190 — 2-28 0-083 
A 1. iv. 36 ” (3 g.) 198 175 1-67 0-119 
Cc 19. iii. 36 ” (1-5 g.) 12 2 0-78 0-015 
Cc 1. iv. 36 ” (3 g.) 29 21 1-02 0-028 

Normal diet: single daily specimens of urine, means of 3 readings 

B — — 38 _ 1-56 0-024 
B 9. iii. 36 Phenylpyruvic acid (1 g.) 160 2-02 0-079 


excretion of this acid and a decided rise in the phenylpyruvic/urea ratio. Thus 
with patient A, a normal ratio of 0-069 (see Table I) is increased to 0-119 after 
administration of 3 g. of the acid. Administration of phenylpyruvic acid to the 
non-phenylketonuric causes phenylketonuria, but the rise in the phenylpyruvic/ 
urea ratio (0-00-0-028 with patient C: see Table VII) is not as great as with the 
phenylketonuric. Curves showing the variation of the phenylpyruvic/urea ratio 
with time after giving doses of 3 g. phenylpyruvic acid to patients A and C are 
given in Fig. 1. It will be seen that the increased phenylpyruvic acid excretion 
is more prolonged in the case of the phenylketonuric than in that of the non- 
phenylketonuric. 

The total excretion of phenylpyruvic acid over 24 hours with and without 
phenylpyruvic acid administration was determined by collection of 24-hour 
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specimens of urine from patients. The results are shown in Table VIII and von- 
firm the conclusion that phenylpyruvic acid is metabolized with greater diffi- 
culty in the phenylketonuric than in the non-phenylketonuric. 


0-14 et , 
2g. Phenylpyravic acid Phenylketonurie 
given patient (A) 


Ig. Phehylpyruvie acid 
given 


2g. Phenylpyruvic 


acid given J 


Phenylpyruvic/urea ratio 
? ¢ 


> 
} 
w 


Control 
non-phenylketonuric 
< patient (C) 
1g. Phenylpyruvic acid 


acid given 


2 4 6 & 1 12 14 16 18 2 22 2% 
Hours 


. Effects of phenylpyruvic acid feeding on phenylpyruvic acid excretion in the urine. 


Table VIII 


Amount of 
Vol. of phenyl- 
urine pyruvic 
collected Phenyl- acid ex- 
in pyruvic creted in 
24 hours acid 24 hours 
Patient Date Substance added to diet ml. mg./100 ml. mg. 


21. x. 36 Normal diet 1338 100 1338 
22. x. 36 1 g. phenylpyruvic acid (given 1556 1712 
in two doses of 0-5 g.) 


21. x. 36 Normal diet 0 
(Control) 
E 22. x. 36 1 g. phenylpyruviec acid (given 1049 12 
in two doses of 0-5 g.) 


Increase in amount of phenylpyruvic acid excreted with patient A=374 mg. 
Increase in amount of phenylpyruvic acid excreted with patient E=126 mg. 


Breakdown of phenylpyruvic acid in the body 


The fact that phenylpyruvic acid administration increases phenylpyruvic 
excretion in the phenylketonuric to a greater extent than in the normal makes it 
a reasonable view that the metabolic disturbance in phenylketonuria is directly 
concerned with the rate of breakdown of phenylpyruvic acid. 

The normal mode of breakdown in the body of the ketonic acid is at present 
unknown. It would be attractive to suppose, as in Neubauer’s scheme, that 
normally oxidation to p-hydroxyphenylpyruvic acid takes place with subsequent 
formation of homogentisic acid. If this were so, the conditions of phenyl- 
ketonuria, tyrosinosis [Medes, 1932] and alcaptonuria would be chemically 
related in the sense that they represent separate metabolic disturbances in the 
same line of breakdown of phenylalanine. Another possibility is that the 
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benzene ring in phenylpyruvic acid may undergo complete rupture as in Dakin’s 
scheme. Whichever view be correct, it seems likely that phenylketonurics are 
unable to attack the ring structure in phenylpyruvic acid at the same rate as 
the normal. The facts presented in this paper may be accounted for on this 
view. The development of phenylketonuria in non-phenylketonurics after 
administration of d- and dl-phenylalanine may be simply explained by the more 
rapid rate of oxidation of the d-form than of the /-form of the amino-acid to 
phenylpyruvic acid. Such a difference between the rates of oxidation appears 
to occur in vitro with kidney slices [Krebs, 1933]. 

Further feeding experiments on phenylketonurics with derivatives of phenyl- 
alanine and of phenylpyruvic acid are necessary and these should help to settle 
the problem of the mode of breakdown of phenylpyruvic acid in the body. 


SUMMARY 


1. It is confirmed that in phenylketonuria, phenylpyruvic acid is excreted 
into the urine. In one patient 1-1-5 g. phenylpyruvic acid are excreted in 
24 hours; this represents the incomplete metabolism of at least half of the phenyl- 
alanine in the daily protein intake. 

2. A rapid and reasonably accurate method for the estimation of phenyl- 
pyruvic acid in urine is described. 

3. Phenylketonuric and control patients have been fed with the following 
substances: alanine, tyrosine, dl-phenylalanine, d-phenylalanine, /-pheny]l- 
alanine and phenylpyruvic acid. The effects of these substances on the rate of 
excretion of phenylpyruvic acid into the urine have been studied. 

4. The results of phenylalanine feeding show: 

(a) that in phenylketonurics, the three forms of the amino-acid lead to 
increased excretion of phenylpyruvic acid to approximately equal degrees; 

(b) that in control patients, ingestion of /-phenylalanine (in the specified 
amounts) does not lead to phenylketonuria, whereas ingestion of d- or dl-pheny]- 
alanine produces phenylketonuria to a slight extent; 

(c) that the extra phenylalanine ingested by phenylketonurics is not all 
transformed into phenylpyruvic acid; possibly a portion is metabolized com- 
pletely in a normal way. 

5. In phenylketonurics the ratio of phenylpyruvic acid to urea content of 
the urine, when taken as the mean of several specimens of urine during the day, 
is approximately constant. This ratio is increased by phenylalanine feeding. It 
is not increased by tyrosine or alanine feeding. Tyrosine appears to cause a 
slight increase in the concentration of ketonic acids in the urine of phenyl- 
ketonurics; it is, on the whole, normally metabolized. 

6. Phenylpyruvic acid feeding causes a greater excretion of phenylpyruvic 
acid in phenylketonurics than in control patients. 

7. It is suggested that the metabolic disturbance in phenylketonurics is due 
largely to a diminished rate of oxidation, or rupture, of the benzene ring in 
phenylpyruvic acid. 
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As a result of the earlier work of Meyerhof on muscle, the applicability of a 
similar theory of carbohydrate metabolism to other tissues, including brain, has 
been examined. According to the Meyerhof view, the following reactions take 


place: 
(1) 


Carbohydrate 0:12) Lactic acid — Oxidation products 
2 (2 

Attempts to show production of carbohydrate from lactic acid by brain have 
been unsuccessful [Holmes & Ashford, 1930; Ashford & Holmes, 1931] and there- 
fore reaction (2) of the scheme most probably does not take place in brain. 

Granted this, the oxidation of lactic acid by brain (reaction (3)) does not 
proceed fast enough to account for the normal difference between the net 
aerobic production of lactic acid and the anaerobic production, as far as 
glucose is concerned. 

It must therefore be concluded that reaction (1), when glucose is the carbo- 
hydrate in question, does not normally proceed in brain as rapidly aerobically 
as it does anaerobically. This conclusion [cf. Dixon, 1936] is independent of 
the particular mechanisms which have so far been suggested to account for the 
fact [Jowett & Quastel, 1933; 1934; Lipmann, 1933]. 

It has, however, been possible up to the present to believe that the only mode 
of breakdown of glucose in brain is to lactic acid. On this view, the oxidative 
metabolism of glucose may be resolved into two sets of processes, involving the 
formation and the oxidation of lactic acid. 

The experiments reported here lead to the conclusion that glucose can be 
oxidized in brain tissue by a mechanism or mechanisms not involving lactic acid 
as an intermediary. It may be added that it has for some time been clear that 
lactic acid is not an intermediary in the oxidation of fructose by brain, for whilst 
fructose is oxidized at a rate similar to that of glucose it is not broken down to 
lactic acid at an appreciable rate. 

The use of hydroxymalonate as an inhibitor of lactic dehydrogenase in brain 
was suggested by the work of Quastel and Wooldridge [1928], who found such an 
inhibiting action exerted with B. coli. 


EXPERIMENTAL METHODS 


The manometric methods of Warburg have been applied to the study of the 
metabolism of slices of the grey matter of the cerebral cortex of the rat and 
guinea-pig. About 8-15 mg. dry weight of brain have been used in each vessel, 
in 3 or 3-2 ml. solution. Media have been made up on the lines followed by 
Jowett & Quastel [1935], acids being added as sodium salts unless otherwise 
stated. 


1 Beit Memorial Research Fellow. 
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Colorimetric method for pyruvic acid estimation 


Use has been made of the fact that pyruvic 2:4-dinitrophenylhydrazone 
dissolves in aqueous alkali, giving a deep red colour. Typically, to 1 ml. of the 
solution to be estimated there is added 1 ml. of a freshly filtered saturated 
solution of 2:4-dinitrophenylhydrazine in N HCl. Half an hour later 2-5 ml. NV 
NaOH are also added, whereupon a deep colour appears at once. This disappears 
rapidly, leaving a deep red colour where pyruvic acid has been present, and a 
pale yellow colour in the “blanks”.t The red colour is approximately pro- 
portional to the amount of pyruvic acid. To eliminate the influence of the yellow 
“‘blank”’ colour in matching, we have thought it best to prepare each time a 
series of standard colours with known amounts of pyruvic acid, each unknown 
solution being compared with a known solution the colour of which is within 
30% in depth. All solutions are diluted to an equal, convenient volume with 
water, before their colours are compared in a Klett colorimeter. The method 
appears satisfactory as far as it has been tested. It is an extremely sensitive test 
for pyruvic acid. 

Other ketonic acids give similar colours, and the results must be interpreted 
with this fact in mind. Under the conditions described acetaldehyde and acetone 
give feeble colours. The method is therefore less specific for ketonic acids than 
the very elaborate method of Case [1932] based on the same principle. 


























Experiments on respiration 


In Table I are shown the effects of sodium hydroxymalonate, at a concentra- 
tion of about 0-07.V, on the oxidation of several substrates by slices of guinea- 
pig brain. The concentration of the inhibitor is as high as can be used in isotonic 











Table I. The effect of hydroxymalonate on oxidations of guinea-pig brain 
Composition of medium: K+ 0-002 M; Ca++ 0-001 M; Mgt* 0-0008 UM; phosphate 0-02 UV; 
initial pH 7-2. O,. Temp. 39°. Experimental period 40 min. Hydroxymalonate (when present) 






























0-067-0-075 UM. Effect of 
Qo, in absence Qo, in presence inhibitor 
Exp. Substrate of inhibitor of inhibitor % 

1 Glucose 0-02 M 15-8 11-1 —30 
dl-Lactate 0-01 M 13-9 6-6 —52 

2 Glucose 0-02 M 14-7 11-6 -21 
dl-Lactate 0-01 M 13-5 9-4 -30 

3 Pyruvate 0-01 MV 12-6 11-9 - 5 
dl-Lactate 0-01 M 14-0 8-8 -37 

4 Pyruvate 0-01 M 13-5 12-5 - 7 
5 Nil 6-5 4:3 —33 
Fructose 14-2 11-9 -—16 

6 Nil 5:3 3-5 — 34 
Fructose 13-8 11-1 —20 

7 d-Lactate 0-01 M 13-8 9-2 —33 
dl-Lactate 0-01 M 13-8 9-6 —30 

8 d-Lactate 0-005 M 14-8 8-6 —42 
dl-Lactate 0-005 M 12-8 6-9 —46 

9 d-Lactate 0-02 M 14:8 11-6 —22 
d-Lactate 0-005 M 13-2 8-7 — 34 

10 d-Lactate 0-02 M 16-2 11-9 — 26 
d-Lactate 0-005 M 13-5 8-5 —37 








1 The saturated reagent should be kept for some days before use, or a turbidity may appear 
at this stage. 
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buffered solutions, if we take an isotonic solution of sodium hydroxymalonaie to 
be 0-107 M. Lower concentrations of hydroxymalonate give smaller inhibitions. 

It is evident that the oxidation of lactate is inhibited more than that of 
other substrates. The oxidations of glucose and of fructose are less inhibited, and 
that of pyruvate hardly at all. 

The respiration in presence of d-lactate is inhibited to about the same extent 
as that in presence of dl-lactate. Also the inhibition of respiration in presence of 
lactate is greater at lower lactate concentrations. 

Now lactate is believed on good grounds to be oxidized through pyruvate as 
an intermediary. Since the oxidation of lactate is considerably inhibited, and 
that of pyruvate almost unaffected, it follows that the inhibitory action of 
hydroxymalonate on the oxidation of lactate is exerted almost entirely on the 
first step, the oxidation of lactate to pyruvate. Further, the action is probably 
due to competition of hydroxymalonate with lactate for union with lactic 
dehydrogenase, since the inhibition varies with the lactate concentration. 

An important conclusion appears to follow regarding the mechanism of 
oxidation of glucose. In the presence of hydroxymalonate the oxidation of 
glucose is definitely faster than that of lactate. Hence oxidation of glucose 
cannot proceed more than partially through lactate as an intermediary. Glucose 
need not necessarily pass at all through lactate as an intermediary: what is 
shown is that a path of oxidation, other than through lactate, must exist, which 
is quantitatively of some importance. 

Indicator tests show that during the experiments the glucose solutions in 
presence of brain become acid, and it can be concluded that lactic avid is formed 
to an appreciable extent. Probably, therefore, some of the oxidation in the 
glucose solutions is oxidation of lactate. It is therefore possible that the inhibi- 
tion of oxidation by hydroxymalonate in presence of glucose is actually an 
inhibition of lactate oxidation. The oxidation of fructose is, however, also some- 
what inhibited by hydroxymalonate, although brain has practically no power 
of splitting fructose to lactic acid [Dickens & Greville, 1932]. By analogy, the 
inhibition of oxidation in presence of glucose is not necessarily an inhibition of 
lactate oxidation. 

Experiments with rat brain, reported in Table II, show similar results to 
those with guinea-pig brain. The inhibition of lactate oxidation is greater than 


Table II. The effect of hydroxymalonate on oxidations of rat brain 


Medium: phosphate 0-02 M, initial pH 7-2. O,. Temp. 39°. Experimental period 30 min. 


Hydroxymalonate (when present) 0-070 MV. 
Effect of 


Qo, in absence Qo, in presence inhibitor 
Substrate of inhibitor of inhibitor % 


Medium A: K+=0-002M, Cat+=0-001M, Mg**+=0-0008 M. 


Glucose 0-02 MU 13-8 12-5 - 9 
d-Lactate 0-01 M 15-25 11-5 — 25 


dl-Lactate 0-01 M 13-1 9-2 -30 
Medium B: K+=0-0128M, Cat+=Mgt+=0. 

dl-Lactate 0-01 M 21: 9-8 — 55 
dl-Lactate 0-01 M 22. 9-7 

Glucose 0-01 M 23- 16-8 —29 
dl-Lactate 0-01. M 25- 11-9 - 54 
Glucose 0-01M . 16-9 

dl-Lactate 0-01 M : 9-5 — 57 
Pyruvate 0-01 M ; 18- 
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that of glucose, while again pyruvate oxidation is little affected. In a medium 
rich in potassium and containing no calcium, it is particularly clear that glucose 
oxidation proceeds much faster than lactate oxidation in presence of hydroxy- 
malonate. It may be noted that the data show an effect of the ionic composition 
of the medium on the sensitivity of brain oxidations to inhibitors. Other 
inhibitors show similar effects, which will be reported later. 

After these experiments were made we found that Himwich and Fazikas 
have claimed in a brief note [1935] that nicotine has a similar action on the 
respiration of minced brain. Nicotine is stated to inhibit the respiration in the 
presence of lactate considerably under conditions where it does not inhibit 
oxidation of glucose or pyruvate. Nicotine may therefore be a more specific 
inhibitor than hydroxymalonate. 



















Experiments on the anaerobic breakdown of pyruvate 


It has been shown that brain tissue reduces pyruvate to lactate under 
anaerobic conditions [Haarmann, 1932]. Krebs has claimed in a brief note [1936] 
that oxidation of part of the pyruvate accompanies the reduction. 

Since hydroxymalonate inhibits the action of lactic dehydrogenase, which 
activates pyruvate as a hydrogen acceptor, it follows that hydroxymalonate 
should inhibit the reduction of pyruvate to lactate in brain, and should therefore 
inhibit the anaerobic breakdown of pyruvate by brain. 

This expectation has been realized, as is shown in Table III. The inhibition 
of pyruvate breakdown which is observed is of the same order as the inhibition 
of lactate oxidation found aerobically. It will be seen that the carbon dioxide 
output is inhibited to an approximately equal extent, so that this output is 
perhaps, as Krebs suggests, coupled with the reduction of pyruvate to lactate. 

In the experiments of Table III each part is set up in duplicate, one vessel 
being taken from the thermostat 15 min. after the beginning, the other vessel 
being shaken in the thermostat 2 hours longer. The first vessel serves as a control 


















Table III. The effect of hydroxymalonate on the anaerobic breakdown of 
pyruvate by rat brain 

Composition of medium: K+=0-006 M, Ca++ =0-001.M, Mg++ =0-0008 M, HCO,-=0-0025 M. 

N,+5% CO,. Temp. 39°. Hydroxymalonate (when present)=0-07.M. Experimental period = 

2 hours. Chromous chloride usually present in side-tube. Q,=rate of formation of pyruvic acid in 


the same units as for i 









% effect of 























Initial dl Q, oe Q5 inhibitor on 
conc. in absence in absence in presence in presence : 
Exp. pyruvate ofinhibitor of inhibitor of inhibitor of inhibitor One, Q, 
1 0-0033 +1-69 ? +0-96 ? —43 ? 
2 0-004 +1-97 -3°8 +0-89 -2-0 —55 -47 
3 0 +0-89 +0-0 +0-54 +0-1 — _ 
+ 0-004 M +1-99 —3-2 +0-98 — 1-85 -51 2 






on the taking up of pyruvate by the tissue from the medium and on the decom- 
position in the first 15 min. Pyruvate estimations have been made, as already 
explained, by a colorimetric method, the reagents being added to a portion of 
the medium directly after removal of the tissue slices. 

The colorimetric method will probably respond to keto-acids (and to a less 
extent to other ketonic substances) which may be formed from pyruvate. The 
figures given for the rate of disappearance of pyruvate may therefore be too low, 
but the reality of the inhibition by hydroxymalonate can hardly be questioned. 
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Experiments on anaerobic glycolysis 


Experiment shows (Table IV) that hydroxymalonate inhibits anaerobic 
glycolysis in brain. Hydroxymalonate likewise inhibits the enhanced rate of 
glycolysis which, as already shown [Mendel et al. 1931; Bumm et al. 1933], is 
brought about by the addition of pyruvate. 


Table IV. The effect of hydroxymalonate on anaerobic glycolysis of brain 


Composition of medium: K+ =0-006 M, [Ca++ =0-001 M, Mg++=0-0008 M, HCO,-=0-025 M, 
glucose=0-01M. N,+5% CO,. Temp. 39°. Hydroxymalonate (when present)=0-070M. 
Experimental period 30 min. 

Effect of 
On Q a inhibitor on 
Conc. in absence in presence Cte 
Animal pyruvate of inhibitor of inhibitor % 

Rat 0 + 5-65 + 2-55 — 55 
Rat 0 + 50 +2-35 - 53 
Guinea-pig 0 +10-6 +1-0 -91 
Guinea-pig 0 + 85 +1-15 — 86 
Rat 0-01 M + 16-5 +6-4 -61 
Rat 0-001 M +15-45 +5-7 —63 
Guinea-pig 0-01 M + 16-4 +8-75 -47 
Guinea-pig 0-001 M +18-4 +85 — 54 


= 
G0 :BO ttt GO RO es 8 


Examining the effects in detail, we see (a) that the hydroxymalonate inhibi- 
tion of glycolysis in guinea-pig brain is very great and is relatively less in the 
presence of pyruvate, (b) that with rat brain the inhibition is smaller and little 
affected by the presence of pyruvate and (c) that the inhibitions are little 
affected by a tenfold change in the pyruvate concentration. 

The inhibiting effect of hydroxymalonate on anaerobic glycolysis might be 
taken as evidence in favour of the formation of pyruvate as an intermediary in 
anaerobic breakdown of glucose, hydroxymalonate exerting its inhibitory action 
on lactic dehydrogenase, which is known to activate pyruvate as a hydrogen 
acceptor. The accelerating effect of pyruvate on glycolysis can be explained if 
pyruvate acts as a hydrogen acceptor, as in the Embden-Meyerhof mechanism of 
glycolysis for muscle. If, however, hydroxymalonate inhibits glycolysis because 
it inhibits lactic dehydrogenase, the addition of pyruvate should decrease the 
hydroxymalonate inhibition, for it should displace hydroxymalonate from the 
enzyme. Such a decrease in inhibition occurs with guinea-pig brain, but not with 
rat brain. The fact that no decrease occurs with rat brain suggests strongly that 
pyruvic acid is not an intermediary in anaerobic glycolysis in this organ. It 
is suggested that hydroxymalonate in rat brain may inhibit a keto-hydroxy- 
acid system similar to, but not identical with, the pyruvic-lactic acid system. 
Pyruvic acid exerts its accelerating effect on glycolysis in rat brain by acting as 
a hydrogen acceptor. Even at low concentrations, and in presence of hydroxy- 
malonate, pyruvate is capable of being reduced fast enough to show its full 
accelerating action on glycolysis. 

The results as a whole suggest that in anaerobic glycolysis a keto-hydroxy- 
acid system is involved, similar to the pyruvic-lactic acid system postulated by 
the Embden-Meyerhof theory, and that hydroxymalonate decreases anaerobic 
glycolysis by inhibiting this system. This view will also account for the inhibitory 
effect of lactate on anaerobic glycolysis in brain [Meyerhof & Lohmann, 1926; 
Dickens & Greville, 1933], since lactate may be presumed to act like hydroxy- 
malonate. Whether the keto-hydroxy-acid system postulated is identical with 
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the pyruvic-lactic acid system cannot be decided yet with certainty, but with 
rat brain the evidence does not support such an identity. 

There is indeed at present little evidence that pyruvate is an intermediary in 
brain glycolysis. It has been claimed [Mazza & Valeri, 1935] that in brain ex- 
tracts some of the reactions of the Meyerhof-Embden scheme take place. On 
the other hand in intact brain cells the rate of production of lactic acid anaerobi- 
cally from pyruvate and «-glycerophosphate is very small [Ashford, 1934; cf. 
also Johnson, 1936]. 

To this example of failure of a reaction of the Meyerhof-Embden scheme in 
brain we can add another. In Table V are shown the effects of «-glycerophosphate 


Table V. Guinea-pig brain 


Medium as in Table I (pH 7-4 in Exp. 2). Experimental period =1 hour. 


Substrate 


Nil 

Phosphoglycerate 0-02 M 

a-Glycerophosphate 0-02 M 

Phosphoglycerate 0-02 M + «-glycerophosphate 0-02 M 


and of phosphoglycerate (for a sample of which we are indebted to Prof. C. 
Neuberg) on the respiration of guinea-pig brain. Now from the pH change when 
glucose is present under these aerobic conditions it is probable that glucose is 
split appreciably into lactic acid. Hence, if the Meyerhof-Embden scheme applies 
phosphoglycerate should break down to pyruvic acid, and pyruvic acid should 
react with «-glycerophosphate to produce lactic acid. Therefore phosphogly- 
cerate should raise the respiration appreciably both in the absence and presence 
of «-glycerophosphate. It is clear that the effect predicted is absent. 


SUMMARY 


1. Sodium hydroxymalonate inhibits the oxidation of lactate by slices of 
rat and guinea-pig brains to a greater extent than it inhibits the oxidation of 
glucose and pyruvate. It is concluded that glucose can be oxidized in brain by a 
mechanism that does not involve lactate as an intermediary. 

2. Hydroxymalonate inhibits the anaerobic breakdown of pyruvate by 
brain. A simple colorimetric method for estimating pyruvic acid is used. 

3. Hydroxymalonate inhibits the anaerobic glycolysis of brain in the absence 
or presence of pyruvate. Phosphoglycerate does not raise the respiration of 
brain appreciably either in the absence or presence of «-glycerophosphate. 
These results are discussed with reference to the Embden-Meyerhof scheme. 





BRAIN METABOLISM 


REFERENCES 


Ashford (1934). Biochem. J. 28, 2229. 

& Holmes (1931). Biochem. J. 25, 2028. 
Bumm, Appel & Couceiro (1933). Hoppe-Seyl. Z. 220, 186. 
Case (1932). Biochem. J. 26, 753. 
Dickens & Greville (1932). Biochem. J. 26, 1546. 

—— (1933). Biochem. J. 27, 1134. 
Dixon (1936). Biochem. J. 30, 1479. 
Haarmann (1932). Biochem. Z. 255, 136. 
Himwich & Fazikas (1935). Amer. J. Physiol. 113, 63. 
Holmes & Ashford (1930). Biochem. J. 24, 1119. 
Johnson (1936). Biochem. J. 30, 33. 
Jowett & Quastel (1933). Biochem. J. 27, 486. 

—— (1934). Biochem. J. 28, 162. 

—— (1935). Biochem. J. 29, 2143. 
Krebs (1936). Nature, Lond., 138, 288. 
Lipmann (1933). Biochem. Z. 265, 133. 
Mazza & Valeri (1935). Arch. Sci. Biol. Napoli, 21, 443. 
Mendel, Bauch & Strelitz (1931). Klin. Wschr. 10, 118. 
Meyerhof & Lohmann (1926). Biochem. Z. 171, 381, 421. 
Quastel & Wooldridge (1928). Biochem. J. 22, 689. 









XL. MICRO-DETERMINATION OF AMMONIA IN 
PRESENCE OF ALIPHATIC AMINES 


By CAECILIA ELISABETH MARY PUGH anp 
JUDA HIRSCH QUASTEL 


From the Biochemical Laboratory, Cardiff City Mental Hospital 










(Received 29 December 1936) 


Ir has been found [Pugh & Quastel, 1937] that a number of aliphatic amines 
are broken down by slices of certain tissues with the production of ammonia. 
For the quantitative investigation of this phenomenon it has been essential to 
devise a method for the accurate estimation of ammonia in presence of the 
amines. 

The aliphatic amines under investigation are volatile, and therefore aeration 
methods depending on the transference of the ammonia into standard acid 
solutions and back-titration are obviously out of the question. The direct use of 
the Nessler reagent is also impracticable, except in a qualitative manner, owing 
to the fact that amines give precipitates with the Nessler reagent which interfere 
seriously with the coloration produced by the traces of ammonia present. 

It has been found possible to estimate the small quantities of ammonia 
produced in the metabolism of aliphatic amines by making use of the fact that 
yellow mercuric oxide will effect a sharp separation of ammonia and amines by 
taking up ammonia and not amines. Francois [1907] first used this property 
of mercuric oxide for freeing aliphatic amines from the ammonia with which they 
are usually contaminated. His method was to shake the mixture of amines and 
ammonia with mercuric oxide in alkaline solution; the filtrate was then free 
from ammonia. Francois also used the method for the estimation of both 
amines and ammonia, the latter being liberated from mercuric oxide com- 
bination by treatment with potassium iodide and subsequent distillation. 
Francois, however, worked with far larger quantities of ammonia and amines 
than those dealt with in the present work, and our method, though similar to 
his in principle, differs from it considerably in detail. 

The present method consists essentially of three stages: (1) the transference 
of volatile amine and ammonia, by aeration in presence of K,CO, and at the 
temperature of the boiling water-bath, into standard acid solution; (2) the 
treatment of the latter solution with fresh mercuric oxide, centrifuging and 
washing; (3) the decomposition of the mercuric oxide-ammonia complex with 
strong NaOH, and transference of the ammonia by aeration into acid solution. 
The ammonia is then estimated colorimetrically by means of the Nessler 
reagent. 



































Apparatus 





A special apparatus! (Fig. 1) is used in which the amount of rubber present 
is reduced to a minimum. The glass vessel (A), capacity 50 ml., in which 
absorption of ammonia and amine into standard acid solution takes place in 
stage (1) is used as the centrifuge tube in stage (2), and finally as the tube in 
which decomposition of the mercuric oxide-ammonia complex is brought about 


1 Prepared for us by Messrs Quickfit and Quartz, Ltd., Birmingham, 
( 282 ) 
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by alkali and the ammonia removed by aeration in stage (3). The use of the 
one tube for the operations described considerably decreases the experimental 
error. The tube has a ground glass neck and is provided with a glass lid (B) 
having inlet and outlet tubes (J and 0). The ground glass joint between the lid 


Fig. 1. 


and the neck of the tube becomes perfectly airtight when moistened with water. 
All tubes and lids are interchangeable. The inlet tube attached to the glass lid 
is of such a length that, when fitted, the end is within } in. of the bottom of the 


centrifuge tube. It has sealed to it, about half-way up, a circular plate of glass 
whose diameter is a little smaller than that of the top of the centrifuge tube; 
this plate breaks up frothing and thus prevents mercuric oxide or caustic alkali 
from being carried over during the final aeration in stage (3). 


Details of procedure 


The solution containing the volatile amine and ammonia, from which, in the 
present investigation, tissue slices have been removed, is placed in the distillation 
tube. 1 ml. pure paraffin and 2-5 ml. saturated K,CO, are added. The lid is fitted 
and connected to an absorption tube, similar to the distillation tube, containing 
10 ml. V/10 H,SO,. The distillation tube is placed in a boiling water-bath. Slow 
aeration is carried out, the air being previously well washed by passing through 
acid solution. After 15 min. the aeration is quickened, and transference of the 
ammonia (together with that of most of the volatile amine) is completed by 
blowing over rapidly for a few minutes at the end of an hour. 

After washing the lead-in tube, the volume of liquid in the absorption and 
centrifuge tube is about 20 ml. To this are added 1 ml. N NaOH to neutralize 
the H,SO,, 3 ml. 1/5 phosphate buffer solution pH 7-4 and finally 0-5 g. mer- 
curic oxide. The mixture is heated in a water-bath to a moderate temperature 
(about 70°) for 15 min. with constant stirring. The most convenient stirrer for 
the heavy mercuric oxide is a strip of glass curved at one end to fit the bottom of 
the centrifuge tube. 

The mixture is now centrifuged for 4-5 min. at 2500 r.p.m., the clear super- 
natant liquid is decanted, and the residual mercuric oxide is stirred with 10 ml. 
water and the mixture again centrifuged. The washing is carried out twice. The 
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residue, after the final centrifuging, is stirred with a few drops of water and the 
mercuric oxide is washed off the stirrer and loosened from the sides of the tube 
with the aid of a rubber-tipped rod. The mercuric oxide deposit contains the 
ammonia complex and is now free from aliphatic amine. 1 ml. pure paraffin 
and 2-5 ml. 5N NaOH are added and the distillation of ammonia is carried out 
as before in a good current of air for an hour in the boiling water-bath. The 
ammonia is absorbed into 10 ml. V/10 H,SO, solution, and estimated by nessleri- 


zation. 













Technical details. In the last stage of the process described above, strong NaOH is necessary 
to decompose the mercuric oxide-ammonia complex. If rubber stoppers are used, instead of an 
all-glass apparatus, erratic results may be obtained. Sometimes they appear to contribute 
ammonia, and sometimes there may be loss of ammonia owing to leakage when the rubber stoppers 
harden after prolonged usage. 

The mercuric oxide used in this work should be free from ammonia. This may be secured by 
preliminary treatment with caustic alkali solution and subsequent washing with ammonia-free 
water. The oxide should be kept in a well-stoppered bottle, preferably in the concentrated H,SO, 
desiccator, since the oxide easily picks up traces of ammonia from the air. In the present work, 
it has been found sufficient, for complete absorption of ammonia by the oxide, to warm the 
solution with the mercuric oxide for 15 min. with constant stirring. Without warming, absorption 
of ammonia is incomplete in that period. The pH of the mixture is kept at 7-4. 

For quantities of ammonia corresponding to 0-5 mg. of NH,Cl at least 0-5 g. mercuric oxide 
must be used. Smaller quantities of mercuric oxide give low results. This is probably due to the 
fact that a film of mercuric oxide is lost when decantation takes place after each centrifuging. If 
the amount of mercuric oxide used is relatively large, the loss is negligible. Excessive quantities 
of the oxide cannot be used since these inevitably introduce too large a blank. A medium quantity, 
such as that used here, seems to work quite satisfactorily. 

Under the conditions of the present experiments it has been found that the ammonia is com- 
pletely removed by mercuric oxide from admixture with the following amines: methylamine, 
ethylamine, propylamine, butylamine, amylamine, isoamylamine and heptylamine. 

Necessity for pre-distillation with KgCO3. This process, stage (1), is carried out to avoid a 
complication which arises when mercuric oxide is added directly to the fluid in which the tissue 
slices have been allowed to metabolize for the duration of the experiment. Some substance appears 
to be liberated from the tissue slices which either forms ammonia in presence of mercuric oxide or 
which forms a complex with it which subsequently breaks down, liberating ammonia. This sub- 
stance appears to be unaffected by the treatment with potassium carbonate, normal figures 
for ammonia production by the tissues (in absence of added amine) being then obtained. 




































Typical results 
. Recovery of NH; in stage (1)—distillation with potassium carbonate solution. 









mg. mg. 
NH,Cl present 0-25 NH,(Cl recovered 0-25 
0-50 0-49 









22 





99 








Recovery of NH; after treatment with HgO (with and without warming) and 
Nad. 








mg. mg. 
NH,Cl present 0-25 NH,Cl recovered 0-25 (with warming) 
%3 0-25 9 0-30 ( %3 ) 
- 0-25 oes 0-15 (in the cold) 






% 0-25 3 0-20 ( % ) 
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. Recovery of NH; from a mixture of NH,Cl and butylamine hydrochloride. 
Amount of butylamine present =0-5 ml. M/10 solution. 
Treatment with HgO and NaOH. 
mg. mg. 
NH,Cl present 0-1 NH,(Cl recovered 0-13 
” 0-2 ” 0-21 
” 0-5 ” 0-50 
Blank, for HgO freshly treated with 5N NaOH, 0-05 mg. 


. Recovery of NH; from a mixture of NH,Cl and butylamine hydrochloride. 
Amount of butylamine present=0-5 ml. M/10 solution. 
Distillation with K,CO,, followed by treatment with HgO and NaOH. 
mg. mg. 
NH,Cl present 0-25 NH,(Cl recovered 0-28 
0-50 i 0-50 


2? 


Blank, for HgO freshly treated with 5N NaOH, 0-06 mg. 


SUMMARY 


A method is described for the estimation of small quantities of ammonia in 
presence of volatile aliphatic amines. The method depends on the specific 
absorption of ammonia by yellow mercuric oxide. 


One of us (C. E. M. P.) is much indebted to the Medical Research Council 
for a whole time assistance grant. 
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In view of the finding of Quastel & Wheatley [1933, 1] that certain amines, such 
as isoamylamine, inhibit the respiration of brain tissue, an investigation has 
been made of the power of various organs to detoxicate such amines. It was 
found early in the work that isoamylamine is broken down by brain cortex, and 
this finding caused attention to be turned to the oxidation of the simpler 
aliphatic amines by brain and other tissues. 













TECHNIQUE 


Thin slices of tissue were cut from organs freshly dissected from the animal, 
and were placed in manometric vessels containing phosphate-glucose-Locke 
solution,! with and without addition of amine. The vessels were filled with 
oxygen, and determinations of the oxygen uptakes were made using the Barcroft 
differential manometer. The experimental period with taps shut was 2 hours. The 
temperature was regulated at 37°. At the termination of the experimental 
period, the tissue slices were removed, washed, dried and weighed. Estimation 
of ammonia was carried out on the solutions in the manometric vessels, the 
washings of the slices being added. At the commencement of this investigation, 
the estimation of ammonia was only approximate, owing to the fact that a 
precise method of estimating small quantities of ammonia in presence of an 
excess of volatile basic amine had not yet been devised. This has since been done, 
and a description of the method has been published [Pugh & Quastel, 1937]. 

The thickness of the slices used in this work usually lay between 0-2 and 
0-4 mm. Several slices were employed, the total dry weight in each vessel 
varying from about 15 to 30 mg. Since only small quantities of ammonia are 
formed from the amines, rather more tissue was employed than is usual in 
manometric experiments. With brain cortex, it was considered advisable to use 
the well mixed slices from two rat brains for a single experiment. With all other 
tissues, the results quoted represent the mean of duplicate experiments carried 
out with slices of the organ of one animal. 

The solutions in which the tissue slices were immersed were made up to 
have an osmotic pressure approximately equal to 0-16M NaCl. The hydrogen 
ion concentration was maintained at pH 7-4 in all experiments. All amines were 
used as their hydrochlorides. 





























QUALITATIVE EXPERIMENTS ON AMMONIA PRODUCTION WITH AMINES IN 
PRESENCE OF TISSUE SLICES 
Qualitative tests were made in the first place for the ammonia produced by 
slices of liver, kidney and brain cortex, in presence of methylamine, ethylamine, 
propylamine and butylamine. The tests were carried out by adding Nessler 
1 Phosphate buffer =0-022 M, pH =7-4; glucose =0-08%,. 
( 286 ) 
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reagent to the solutions left in the manometric vessels after removal of the tissue 
slices. The colour was compared with that found in a control experiment where 
the amine was not added until the termination of the experimental period. The 
results are given in Table I, plus signs indicating the formation of ammonia from 
the amines. 


Table I. Ammonia production from aliphatic amines. Qualitative 

Guinea-pig: Liver Kidney Brain 
Methylamine 0 0 
Ethylamine (+) (+) 
Propylamine + < (+) 
Butylamine ++ £7 . 

Rat: 
Methylamine 0 
Ethylamine 0 
Propylamine + 
Butylamine ce 


(+) 
+ 


The results show that methylamine is either not attacked, or only feebly so, 
by rat liver and guinea-pig liver and kidney; rat kidney has little or no effect on 
the amines under investigation; butylamine is the most vigorously attacked by 
guinea-pig liver and kidney and by rat liver; while brain of both guinea-pig 
and rat has a definite deaminating action on butylamine and a feeble one on 
propylamine. Experiments with rabbit brain cortex slices showed a similar 
deaminating action on butylamine, with a feeble effect on propylamine. 


QUALITATIVE EXPERIMENTS WITH TISSUE EXTRACTS 


Phosphate extracts of brain, liver and kidney were made on lines similar 
to those of Krebs [1933], and their deaminating effects on butylamine (0-014 UY) 
were compared with those on alanine (0-014). Before applying the tests, 
protein was removed by addition of an equal volume of 10% CCl,COOH, 
followed by neutralization with NaOH. The results are given in Table II, where 


Table II. Tissue extracts. Ammonia formation 


Butylamine Alanine 


Rat brain extract 
Guinea-pig brain extract 
Ox brain extract 

Rat liver extract 
Guinea-pig kidney extract 
Rat brain slices 


the plus sign denotes ammonia production as shown by the Nessler reagent. 
These results show that brain extracts, as well as those of liver and kidney, are 
able to deaminate butylamine. 


RESPIRATION AND AMMONIA PRODUCTION OF TISSUE SLICES IN PRESENCE 
OF BUTYLAMINE AND PROPYLAMINE 


In Table III are shown typical results selected from a number of experiments, 
illustrating the increased respiration of liver slices of both guinea-pig and rat, 
and of guinea-pig kidney slices, in the presence of butylamine and propylamine. 
The increase in Qo, is greatest with guinea-pig liver or kidney and butylamine. 
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Table III. Method, HyO-NaOH 


Qo, (over first hour) Qnuy 
Amine Amine Amine Amine 
Organ Amine M/60 absent present absent present 

Guinea-pig liver Butyl 2-4 8-7 3-3 5-4 
3-5 8-3 3-5 5-0 
Propyl 2-5 5-9 4-2 5-8 
3-6 5-6 2-5 2-7 
Guinea-pig kidney Butyl 18-4 21-4 2-0 3-0 
20-5 25-0 2-5 3-8 
Propyl 19-3 22-6 4:3 4:5 
20-8 22-2 2-7 3-4 
Rat liver Butyl 9-8 11-7 6-7 8-8 
6-6 8-0 5-2 9-0 
Propyl 7-9 9-4 6-3 7:3 
8-6 10-2 4-8 4-6 
Rat kidney Butyl 28-5 27-4 78 6-4 
32-2 29-5 6-2 5-1 


Butylamine does not appear to increase the Qo, of rat kidney. Propylamine does 
not produce as definite an increase in Yo, as butylamine with either guinea-pig 
liver or rat liver or guinea-pig kidney. 

The ammonia estimations were carried out by adding mercuric oxide to the 
solutions from the manometric vessels, after removal and washing of the tissue 
slices and centrifuging to remove any tissue débris. The mercuric oxide-ammonia 
complex was decomposed with NaOH, according to Pugh & Quastel [1937], and 
the liberated ammonia was estimated by means of Nessler’s reagent. The amounts 
of ammonia obtained were expressed as Qyyy,, i.e. wl. NH; produced per hour per 
mg. dry weight of tissue. A correction was applied for the ammonia blank found 
when the experimental procedure was carried through without any tissue. This 
was found to be increased in the presence of amines owing to admixture of pre- 
formed ammonia with the amine. In all cases the results were calculated so as 
to minimize the apparent effect of tissue on amine; a negative result therefore is 


Table IV. Method, KzCO;-HgO-NaOH 


Qo, (over first hour) Qnus 
Amine Amine Amine Amine 
Organ Amine M/60 absent present absent present 
Guinea-pig liver Butyl 3-1 6-4 0-3 2-2 
3-9 7-4 0-2 1-2 
Propyl 3-0 4-1 1-2 1-8 
4-8 5-8 0-4 0-4 
Guinea-pig kidney Butyl 19-3 25-2 2-0 2-4 
18-7 22-9 1-3 1-7 
Propyl 23-2 23:1 1-6 1-4 
21-2 22-5 0-9 0-9 
Rat liver Butyl 9-1 14-4 2-9 4-5 
8-3 10-1 2:5 3-5 
Propyl 10-0 10-7 2-3 2-8 
8-2 8-9 1-1 1-2 
Ethyl 8-8 10-2 1-9 2-3 
Methyl 7-4 9-5 1-1 1-0 
Rat kidney Butyl 25-2 26-9 3-5 2-8 
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not necessarily absolute. The resulting Qyy, figures in the absence of added 
amines were found to be considerably greater than those which have been 
formerly recorded for the same tissues. In spite of this, however, it is clear from 
Table IIT that the presence of butylamine definitely increased Qnu, With guinea- 
pig liver and guinea-pig kidney and with rat liver. The increase is much less with 
propylamine. No increase is noted with rat kidney and either amine, and no 
definite increase with guinea-pig kidney and propylamine. 

The high figure for the Qyy, found without any amine led to a modification 
of the method of ammonia estimation [ef. Pugh & Quastel, 1937]. The results 
obtained with the modified technique, which is now adopted as the usual routine 
in this work, are recorded in Table IV. The conclusions to be drawn are much the 
same as those already given. Butylamine shows the greatest increase in Qo, 
and Yyy,. There is no apparent deamination of methylamine with rat liver, 
and the ofiects with ethylamine and propylamine are feeble. It would seem that 
with both guinea-pig and rat, liver has a greater deaminating action on aliphatic 
amines than kidney. 


DEAMINATION OF ALIPHATIC AMINES WITH RAT LIVER SLICES 


The effects of some of the higher aliphatic amines on the respiration and 
ammonia production of rat liver slices were next investigated. With such amines 
only low concentrations can be used, since their solubilities are low under the 
experimental conditions employed. In the work described in the earlier part 
of this paper, the concentration of the amines used was 0-016 _M. For the higher 
amines a suitable concentration was found to be 0-0066 M. This was used in the 
experiments recorded in Table V. 


Table V. Method, K2CO;-HgO-NaOH. Rat liver 





Qo, (over first hour) Qnuy 
Cc ~ c A 7” 
Amine Amine Amine Amine 
Amine M/150 absent present absent present 
Propyl 11-4 12-9 2-0 2-5 
8-5 11-7 1-1 3-7 
Butyl 6-1 10-0 2-2 4-0 
8-5 10-0 1-1 4-7 
Amyl 4-3 7-4 2-6 4:8 
9-5 11-0 18 5-6 
isoAmyl| 8-5 11-0 1-1 6-2 
8-6 9-4 2-0 7-2 
Heptyl 6-1 9-1 2-2 4-7 
9-5 11-9 1-8 5-0 


The most important feature of these results is the demonstration that de- 
amination of higher amines such as heptylamine is accomplished by rat liver. 
The most marked deamination, however, appears to occur with isoamylamine. 
The oxygen uptake of rat liver is increased by these higher amines. 


DEAMINATION OF ALIPHATIC AMINES WITH RAT BRAIN CORTEX SLICES 


Deamination of these aliphatic amines with rat brain cortex slices takes 
place as with liver, but the effect is much less marked. Typical results are given 
in Table VI. 

Again it is clear that isoamylamine is the amine most vigorously attacked 
among the amines investigated. But whereas the lower amines slightly increase 





290 C. E. M. PUGH AND J. H. QUASTEL 


Table VI. Method, K2CO3;-HgO-NaOH. Rat brain 


Qo, (over first hour) Qnuy 
Amine Amine Amine Amine 
Amine absent present absent present 
Methyl (7/60) 12-1 12-2 0-5 0-6 
Ethyl! (M/60) 13-6 15-0 0-6 0-9 
Propyl (1/150) 10-7 11-0 0-7 0-9 
Butyl (7/150) 10-6 11-0 0-5 13 
Butyl (M/60) 10-9 11-2 0-8 1-4 
Amy! (M/150) 10-2 11-4 0-3 0-9 
tsoAmyl (M/150) 10-2 9-4 1-0 2-2 
Hepty] (1/150) 10-5 8-6 0-4 1-1 


the respiration of brain, the higher amines have inhibiting effects; in spite of 
this, however, some deamination of the higher amines takes place. Brain cortex 
respiration is therefore inhibited by the higher amines, which at the same time 
undergo decomposition. 


DIFFERENTIATION OF AMINE OXIDASE FROM &-AMINO-ACID OXIDASE 


It has already been shown in this paper that brain extracts, as well as those 
of liver and kidney, deaminate butylamine, and it has been shown that brain 
cortex slices also deaminate amines. This is of interest in view of the fact that 
brain does not attack «-amino-acids, with the exception of glutamic acid [Weil- 
Malherbe, 1936; Quastel & Wheatley, 1932]. This fact has been confirmed, using 
rat brain cortex slices, with which even propylamine gave rise to an increase in 
ammonia production, whereas no increase was obtained with alanine. One 


experiment gave the following result. 


Qo, Curie 
Without added substrate 10-4 0-7 
With propylamine 14-9 0-9 
With alanine 10-5 0-6 


It appears therefore that there exists in tissues an amine oxidase system distinct 
from the system which oxidizes «-amino-acids. In support of this conclusion 
may be cited the observed inactivity of rat kidney towards amines whereas this 
tissue actively deaminates «-amino-acids. 


PRODUCTS OF METABOLISM OF AMINES IN PRESENCE OF TISSUE SLICES 


Butylamine. One product of metabolism of butylamine in presence of guinea- 
pig liver slices is acetoacetic acid. This may be demonstrated qualitatively by 
Rothera’s reaction and it may be estimated manometrically by the aniline 
hydrochloride method [Quastel & Wheatley, 1933, 2]. One experiment showed 
Q,.=0-77 for guinea-pig liver in presence of Ringer solution containing 0-016 M 
butylamine. 

isoAmylamine. When liver or brain slices are allowed to metabolize in pre- 
sence of isoamylamine for 2-3 hours at 37°, the fluid in the manometric vessel 
develops a strong odour resembling that of isoamyl alcohol. On addition to the 
fluid, after removal of the slices, of a saturated solution of 2:4-dinitrophenylhydra- 
zine in N HCl, an immediate yellow opalescence or a yellow precipitate occurs, 
resembling that due to the dinitrophenylhydrazone of an aldehyde or ketone. 
The yellow compound dissolves in alkali to form a fairly stable red or reddish 
brown solution. The formation of this reddish solution may be used as a sensitive 
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test for the breakdown of isoamylamine in presence of tissue slices. Experiments 
are now being carried out to isolate and analyse the substance responsible for the 
reaction with the dinitrophenylhydrazine reagent. 


IMPORTANCE OF AEROBIC CONDITIONS 


That oxygen is necessary for the breakdown of isoamylamine in presence of 
brain slices was shown by an experiment carried out under both aerobic and 
anaerobic conditions. In the presence of nitrogen the odour, reminiscent of 
isoamyl alcohol, which is always present when isoamylamine is attacked in 
presence of oxygen, is found to be absent. Moreover, there is no precipitation or 
opalescence on the addition of the dinitrophenylhydrazine reagent to the fluid 
in the manometric vessel, and no development of a stable red colour on the 
subsequent addition of alkali to the mixture. The experiment indicates the 
importance of aerobic conditions for the metabolism of the basic amines in 
presence of brain. 


SUMMARY 


1. Deamination of butylamine, amylamine, isoamylamine and heptylamine 
takes place in presence of slices of brain cortex. With the lower amines, propyl- 
amine, ethylamine, methylamine, deamination is less marked or negligible. 

2. Similar results are obtained with rat liver. 

3. Guinea-pig liver and kidney deaminate butylamine, there being less or no 
action on propylamine. Kidney has a smaller effect than liver. Acetoacetic 
acid is formed by liver in presence of butylamine. 

4. No measurable deaminating effect of rat kidney has been found with the 
amines investigated. 

5. Brain extracts as well as those of liver and kidney possess the power of 
deamination. 

6. The respiration of brain cortex (in presence of glucose) is lowered by the 
higher amines. The respiration of liver, on the other hand, is increased by the 
amines which undergo oxidation. 

7. tsoAmylamine is broken down by brain and liver to yield a substance 
giving a hydrazone with 2:4-dinitrophenylhydrazine. The possible formation of 
isoamyl alcohol is indicated by the development of the characteristic odour. 
The oxidation of the amine appears to occur only under aerobic conditions. 

8. An amine-oxidizing system exists in brain and other tissues which is 
distinct from the «-amino-acid-oxidizing system. 


One of us (C. E. M. P.) is much indebted to the Medical Research Council 
for a whole time assistance grant. The other is indebted to the same body for 
a grant in aid of equipment. 
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THE work recorded here is an attempt to obtain quantitative information 
concerning the sulphydryl groups of proteins. It has long been realized that the 
combination in which sulphur exists in cystine and methionine is incapable of 
explaining all the reactions of protein sulphur. As instances of such reactions 
may be mentioned the suspected existence of free sulphydryl groups in protein 
(cysteine never having been isolated from protein), the recognition of labile and 
non-labile sulphur, recently the subject of yet further researches [Blumenthal & 
Clarke, 1935] and the exposure of sulphydryl groups on denaturation of protein. 
Certain alternative suggestions have been put forward; e.g. the —CS—NH— 
linkage of Harris [1923] and the —CO—S— linkage of Mastin & Schryver 
[1926]; but direct experimental support of such hypotheses is lacking. On the 
contrary, modern work [e.g. Speakman & Whewell, 1936] seems to favour simple 
hydrolysis of the disulphide linkage as the explanation of the sulphydryl group 
on denaturation. 
















R.S.8.R+HOH—R.SH+R.SOH. 


We ourselves were more particularly interested in the distribution of sulphur 
in muscle proteins. That muscular tissue gives a nitroprusside reaction is an 
old-established fact and that muscle powder (i.e. denatured protein) contains 
a thermostable sulphydryl group was recorded by Dixon & Hopkins [1922]; 
whilst more recently Astbury [1934] has commented upon the similarity of the 
X-ray diffraction pictures of keratin (which is rich in cystine) and the muscle 
protein myosin, without, however, attributing functional significance to the 
sulphur groupings. The reactivity of the sulphydryl group and the simultaneous 
presence of glutathione in close association with the muscle proteins offer free 
play to the imagination. There seemed, however, little hope of eliciting useful 
information from muscle unless some quantitative method of estimating sulphy- 
dryl could be applied. The present communication is concerned with such a 
method and the preliminary results of its application. Whilst this work was in 
progress Mirsky & Anson [1935] published an account of their work directed to 
the same end but using quite different methods. A preliminary account of our 
own work has already appeared [Todrick & Walker, 1936]. 






















Method 


Briefly the method consists in measuring the amount of oxidation-reduction 
indicator, phenolindo-2:6-dichlorophenol, reduced by a known weight of protein. 
A series of tubes was set up containing the same known amount of protein, of 
the order of 80 mg. Varying amounts of indicator solution (0-1-1-0 ml.) were 
added and, in the case of denatured proteins, the tubes were then immersed in 
a water-bath at 100° for a specified time (20 min.). The tubes whose contents 
were decolorized within that time were noted and a further series of tubes was 
then set up containing a closer range of quantities of indicator. In this way it 
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was possible to ascertain the precise quantity of oxidation-reduction indicator 
required to bring about the oxidation of the sulphydryl group. The arbitrary 
period of 20 min. was selected as the result of plotting time against amount of 
indicator, when it became clear that decoloration was complete in about 10 min. 
at 100°; 20 min. were therefore allowed in the standard procedure to make sure 
that oxidation of sulphydryl was complete and within this time no reoxidation 
takes place. In the experiments with myosin, which had to be carried out at 
38°, the reaction was much slower and consequently a longer period (12 hours) 
was necessary to ensure complete oxidation of sulphydryl. With this prolonged 
period it was necessary to guard against reoxidation of the indicator; the tests 
were therefore carried out in an inert atmosphere. 

The indicator was standardized in terms of cysteine. Cysteine hydrochloride 
was twice recrystallized from pure hydrochloric acid (Kahlbaum’s) and dried 
in vacuo over solid NaOH. A weighed amount of the pure hydrochloride was 
first neutralized, in an atmosphere of nitrogen, and then titrated, also in nitrogen, 
with a solution of phenolindo-2:6-dichlorophenol, approximately 0-1 % . Towards 
the end the titration was carried out with the receiving vessel immersed in a 
bath of boiling water, in order to expedite the reaction and also to simulate the 
reaction with proteins. At the beginning of these experiments our solutions 
showed that 1 mg. of cysteine was equivalent to 2-85 mg. of indicator; whilst at 
the end, using different solutions from the originals, we found the equivalent 
to be 2-82 mg. All the results quoted were reproducible, but taking everything 
into consideration, including the difficult end-point, it is probable that the 
estimations are only accurate within 2-3%. The results themselves afford 
justification for the conclusion that the measurements made, under the con- 
ditions stated, are specific for sulphydry] groups. 


Results 


Ovalbumin. This was prepared in the usual way from the whites of fresh eggs 
by half-saturation with ammonium sulphate and precipitation of ovalbumin 
from the filtrate by full saturation. The latter precipitate was redissolved, filtered 
and reprecipitated. The final precipitate was then dialysed against distilled water 
until the dialysate no longer gave any test for sulphate. The concentration of 
protein was determined by the nitrogen content (micro-Kjeldahl) allowing for a 
small amount of nitrogen due to residual traces of ammonium sulphate and 
assuming 15-4°% N for ovalbumin. Three solutions used were found to contain 
39-9, 45-45 and 54-65 mg. ovalbumin per ml. respectively. The pH of the 
solutions was 6-7. It is not proposed to give the detail of the estimations in 
each case, as this consists mostly of slight variations in the amounts of protein 
and indicator used. In general 1-2 ml. of the above protein solutions were used, 
requiring 0-5-1 ml. of indicator solution. Four typical results for denatured 
ovalbumin gave the following values for the cysteine content: 0-597, 0-676, 0-622 
and 0-62%. Mean value, 0-63°%. In all the above cases denaturation was 
effected by immersion of the tubes in the water-bath at 100°. One estimation 
was carried out at 40° and revealed, as was to be expected, no apparent cysteine. 

Serum albumin. This was prepared by the same general methods as oval- 
bumin. The solution finally used contained 24-2 mg. of protein per ml., based on 
a nitrogen content of serum albumin of 15-15%. This protein on denaturation 
by heat had no detectable effect on the indicator. This is in conformity with the 
fact that denatured serum albumin gives no sulphydry] reaction; although, as 
pointed out by Walker [1925] it does now give a disulphide reaction, which it 
did not give in the native state. This experiment, despite the negative result, is 
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considered to be important as it establishes that the indicator is not affected by 
any groups in a typical denatured protein, other than cysteine. It was noted 
that the coagulum of denatured serum albumin was sufficiently acid to change 
the indicator, in the adsorbed state, from blue to red, although the medium in 
which coagulation took place was stil] at pH 6-7. It is possible that this effect 
is due to the sulphenic acid groups appearing in coagulation. 
Myosin. There has been considerable confusion in the past in connexion with 
the muscle proteins because different workers have often been dealing with 
different preparations under the name of myosin. In order to facilitate the 
adoption of a standard method we have employed that described by Edsall] 
[1930], which has also been used by Smith [1933]. Briefly, it consists in killing 
a rabbit and immediately perfusing the carcass with saline. The back and leg 
muscles are then quickly removed, minced and extracted with 1-2M KCI, 
buffered with phosphate at pH 7-5. The soluble protein is precipitated by 
dilution of the filtered extract with 20 volumes of distilled water; the precipitate 
is centrifuged, redissolved in the extraction mixture, filtered and reprecipitated 
by dilution. This precipitation process is repeated three times. The final pre- 
cipitate is dissolved in the buffered salt solution and filtered and is then ready for 
use. All solutions and apparatus used must be cooled beforehand. Any deviations 
from the method may lead to different products being obtained; even room 
temperature is apt to lead to the formation of a certain amount of insoluble 
material. Our preparations of myosin were always kept in vacuo in cold store 
when not in use and were always centrifuged immediately before use. In our 
earlier experiments the concentration of protein was determined by drying and 
weighing an aliquot portion of the mixture. This was because no reliable analytical 
figures were available for myosin. Later we prepared a specimen of myosin in 
as pure state as possible and had it analysed, with the following results: N, 15-3, 
S, 0-94, ash 0-3 %. The high ash content is attributable to the fact that myosin 
is only soluble in salt solution and forms a very gelatinous precipitate on dialysis, 
from which it is difficult to remove the last traces of salt. The N and § values 
are calculated on an ash-free basis. We made use of the above figure for N in 
calculating the protein concentration in al] the figures quoted in this account. 

The solution of myosin thus prepared was found to give a faintly positive 
nitroprusside reaction. That this could not be due to glutathione is indicated by 
the following facts: 

(1) The suspended carcass of the rabbit was always thoroughly perfused, . 
saline entering the aorta and leaving by the right auricle. 

(2) The mode of preparation of the myosin involved precipitation of the 
protein by dilution with 20 volumes of water, three times. 

(3) No glutathione could be detected in the dialysate from a specimen of 
myosin. 

We therefore proceeded to estimate the sulphydryl content of the myosin, 
not quite in the same manner as for the other proteins, for the following reasons. 
First, there was the obvious lability of the sulphydryl group, as will be seen 
presently, and secondly, the estimations being on the native protein, the tem- 
perature had to be kept below 40°. This meant that the reaction was much slower 
than in the case of denatured proteins at 100°. Measurements on myosin were 
therefore carried out in Thunberg tubes, which were thrice evacuated and filled 

with nitrogen after all the ingredients had been added. The tubes were left for 
12 hours before making a final decision on the colour. Our two earliest estima- 
tions gave values of 0-17 and 0-14% cysteine, on two different rabbits, and we 
soon formed the impression that, despite working as rapidly as possible and at 
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a low temperature, the preparation was undergoing oxidation of the initially 
free sulphydry]. It should perhaps be mentioned that, taking the bulk of the 
muscle from one rabbit and working it all up, the final myosin was not obtained 
until 5 or 6 days from the start. We therefore modified the procedure whereby, 
taking only a smal] amount of protein, the complete process could be accom- 
plished in a few hours. Our subsequent results, each on different rabbits, were : 
0-18, 0-24, 0-24, 0-27 % cysteine. That oxidation does occur we have confirmed 
by redetermination of a preparation which initially gave 0-27 % and after a few 
days 0-20 %; another, unpurified, gave 0-24 %, falling in 3 days to 0-11%. 

So far, we have only made approximate measurements of myosin after heat- 
denaturation and these gave results varying but little from the native protein. 
We have done one experiment on the myosin of a rabbit killed by injection of 
sodium iodoacetate; this revealed no significant variation (0-23°%) from the 
normal. 

Discussion 


The results for ovalbumin and serum albumin are primarily of interest in 
establishing the method. Neither protein in the native state affects the in- 
dicator; nor does denatured serum albumin (containing all the typical amino- 
acids, including cystine) affect it; whilst denatured ovalbumin is quickly 
oxidized by it. The only significant difference between the two denatured proteins 
is the presence of the sulphydryl group in the latter. 

The total cystine (including any cysteine) in ovalbumin is given as 2-27 % by 
Baernstein [1932]; our finding of 0-63 °% cysteine would thus account for some 
28°% of it. There are no figures for cysteine in the literature except those of 
Mirsky & Anson [1935] and it seems to us that the methods employed by these 
workers are open to objection, notably on account of the chances of oxidation 
having occurred. Thus in their methods, there is much washing and centrifuging 
and mechanical stirring of the protein after denaturation. In their “direct” 
method the protein is exposed to a solution of cystine more alkaline than 
pH 9-0. In their “indirect” method the protein is also precipitated with acid 
acetone, ground in a hot mortar and finally heated at 108° for 30 min.; it is then 
hydrolysed for 15 hours with 5N H,SO, without any stated precautions 
against oxidation. The ‘‘indirect method’’ gives a higher value (0-616 %) for 
the cysteine content of denatured ovalbumin than the “direct” method (0-55 %). 
In both methods the cysteine is estimated colorimetrically. 

When we come to consider myosin, the chief interest is the existence of free 
sulphydry] in the native protein. The amount of sulphydry] is small; our highest 
value, 0-27 % cysteine,! corresponds only to some 13-17 % of the total cystine, 
using Baernstein’s figure for the cystine content of halibut muscle for the calcu- 
lation; but the result is definite and, to us, significant. First, there is here 
demonstrated a free sulphydryl group in a native protein; and secondly, the 
existence of such a group is in conformity with the lability which might be 
expected from a protein exhibiting the various physical and physiological 
changes of muscle. The explanation of the intimate nature of contraction must 
reside in the properties of the proteins of muscle; and in myosin we have a 
protein which seems to embody all the physical properties of muscle. Although 
it is less in quantity than myogen (1 : 3), there is much evidence to show that it 


1 Mirsky [1936], using the methods already referred to, has investigated muscle proteins. He 
makes no categorical statement concerning sulphydryl in myosin; but it may be calculated from 
one of his tables that native rabbit myosin contains some 0-3, cysteine at the pH (7-6) at which 


we worked. 
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plays a more dominant role than the latter. Thus it is probable that the fibrils 
are largely composed of myosin and these occupy some 50% of the volume of 
the muscle; whilst there is also the possibility that myosin occurs in thicknesses 
of the order of surface films [Smith, 1933]. Boehm & Weber [1932] hold myosin 
mainly responsible for the diffraction pattern of muscles, whilst von Muralt 
[1932] concludes that myosin occupies the Q-bands of the fibril, myogen being 
confined to the sarcoplasm. 
SUMMARY 


1. A method for the estimation of the sulphydryl content of proteins is 
described. 

2. Native serum albumin and ovalbumin and denatured serum albumin 
contain no free sulphydryl. Denatured ovalbumin contains free sulphydryl to 
an amount corresponding with 0-63 % cysteine. 

3. Native myosin contains free sulphydryl to the extent of 0-27%. The 


significance of this finding is discussed. 


The authors are indebted to Prof. R. A. Peters for his helpful criticism. 
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In an earlier paper [Walker, 1925] it is recorded that the sulphydryl group of 
tissues and muscle protein disappears on treatment with allyl isothiocyanate. The 
reaction described below was observed in an attempt to discover what happens 
in these circumstances. For reasons mentioned in the paper quoted it was con- 
sidered that a direct combination took place between allyl isothiocyanate and 
the tissue sulphydryl group. Consequently we have examined the reaction 
between allyl isothiocyanate and cysteine. 


EXPERIMENTAL 


0-895 g. of pure cysteine hydrochloride was dissolved in a litile water and 
neutralized with 52-05 ml. of N/10 NaOH. The equivalent quantity of allyl 
isothiocyanate (0-554 ml.) was run in and gentle shaking maintained for 10 min., 
whereupon a white crystalline solid started to separate. The mixture was kept 
for 2 hours, then filtered and the solid washed with alcohol, followed by ether. 
0-565 g. of soft, white, odourless crystals was obtained; yield, 45%. The material 
obtained was insoluble in the usual organic solvents and slightly soluble in hot 
water, but in this case we were suspicious of decomposition. It was soluble in 
hot 90% methyl alcohol, but again the high temperature seemed to cause a 
certain amount of decomposition. The material was never satisfactorily re- 
crystallized. In the dry state it decomposed in the neighbourhood of 200°. 

Another preparation was made in which the reaction was carried out at 
greater dilution and the product purified by washing thoroughly with water, 
alcohol and ether respectively. (Found after drying in vacuo: C, 38-24, H, 5-44, 
N, 12-6, 8, 25-58%. Cysteine+allyl isothiocyanate =C,H,.N,0,8,, which 
requires C, 38-11, H, 5-49, N, 12-7, 8, 29-11%.) The N was determined by our- 
selves, using the micro-Kjeldahl method, and was kindly confirmed by Mr 
J. R. P. O’Brien by the micro-Dumas method. The remaining analyses were by 
Schoeller. The substance formed is clearly an addition compound. It is readily 
soluble in alkali and therefore probably an acid. By analogy with the reaction 
between isocyanates and amino-acids, addition with rearrangement probably 
takes place at the amino-group, giving: 


HS—CH,—CH—COOH 
NH.CS.NH.C,H; 


The compound can thus be described as «-N-allylthiocarbamido-f-thiolpropionic 
acid. We confirmed the structure by 
(1) demonstrating the free sulphydryl group by the nitroprusside test, 
( 297 ) 
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(2) showing that no reaction occurs with cysteine in which the amino-group 
has been blocked by formaldehyde. 

We have satisfied ourselves that an analogous reaction occurs with cystine, 
in alkaline solution; but we have not obtained an adequately pure product. 


Discussion 


The reaction does not appear to have been described before, although allyl- 
thiohydantoins of glycine and alanine [Marckwald et al., 1891] and simple thio- 
hydantoins of cystine and cysteine [Nicolet, 1930] have been described. Aschan 
[1884] reported failure of reaction between amino-acids and alkyl isothiocyanate ; 
and reactions of a quite different type appear to occur between simple thio- 
acids and isothiocyanates [Wheeler & Merriam, 1901]. 

It is obvious that the reaction described throws no light on the effect of 
allyl isothiocyanate on protein sulphydryl, which must be left for further work 
to solve. We have always borne in mind that the inhibiting influence of ally] 
isothiocyanate may have been on the mechanism of the nitroprusside reaction 
rather than on the substrate. In trying to test this view, we found that the 
nitroprusside reaction for acetone was not affected by allyl isothiocyanate, whilst 
on the other hand we did observe that the magenta colour obtained in per- 
forming the nitroprusside test with sulphydryl compounds was discharged on 
the addition of allyl zsothiocyanate. 


SUMMARY 


Combination takes place readily between cysteine and allyl isothiocyanate 
with the formation of «-N-allylthiocarbamido-f-thiolpropionic acid. 
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INTRODUCTION 


No undisputed and generally recognized explanation exists at present of the 
occurrence in almost every living tissue of succinic acid and succinic dehydro- 
genase, its oxidizing enzyme. Interest has recently been focused again on this 
problem by the work of Szent-Gyérgyi and his collaborators [Gézsy & Szent- 
Gyorgyi, 1934; Annau e¢ al., 1935; 1936]. In the view of Szent-Gyérgyi’s school 
succinic acid and succinic dehydrogenase are parts of a catalytic system engaged 
in the transport of hydrogen from substrates to the “‘Atmungsferment”’ (cyto- 
chrome-indophenol oxidase) of the cell. Succinic acid is, according to this theory, 
a catalyst and not a substrate. This claim is opposed by strong evidence sug- 
gesting that succinic acid is an intermediate in the metabolism of carbohydrates 
and of certain amino-acids. Pasteur [1858] wrote: “J’ai trouvé que l’acide 
succinique était un des acides normaux de la fermentation alcoolique, c’est-a- 
dire que jamais il n’y avait fermentation alcoolique sans qu’il y efit production 
aux dépens du sucre d’une quantité d’acide succinique trés notable.” Thus 
Pasteur clearly recognized succinic acid as an intermediate in the carbohydrate 
metabolism of yeast. Under the influence of the work of Ehrlich [1909], who 
demonstrated the formation of succinic acid from glutamic acid by yeast, the 
view prevailed for some time that the succinic acid formed during alcoholic 
fermentation was derived from the tissue protein via glutamic acid. Mrs Needham 
[1930] demonstrated the formation of succinic acid from glutamic and aspartic 
acids in mammalian muscle; but, at least as far as micro-organisms, such as 
bacteria, yeast and fungi, are concerned, there is ample evidence that succinic 
acid can be formed from carbohydrates or their cleavage products too [Stephenson, 
1930; Raistrick, 1932; Bernhauer, 1934; Kluyver, 1935, Annual Reviews of 
Biochemistry, 1932-6]. 

Although the mechanism of succinic acid formation is still the subject of 
controversy, recent work seems to provide an experimental basis for the 
Thunberg- Wieland theory according to which succinic acid arises from oxidative 
condensation of two molecules of acetic acid. Thus Wieland & Sonderhoff [1932] 
and Sonderhoff & Thomas [1936] have demonstrated succinic acid formation 
from acetic acid by yeast, and the same was shown for various species of fungi 
by Butkewitsch & Fedoroff [1929; 1930, 1] and by Chrzaszcez & Tiukow [1930]. 
Related precursors of succinic acid were found to be alcohol [in yeast: Wieland & 
Wille, 1933; in fungi: Butkewitsch & Fedoroff, 1930, 2; Chrzaszcz et al., 1932], 
lactic acid [in yeast : Wieland et al., 1933] and glycerol [in propionic acid bacteria: 
Wood & Werkman, 1936]. 

There is, however, hardly any evidence at present which would allow the 
application of this scheme to mammalian tissues. Mrs Needham [1927] showed 
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that muscle contains a certain amount of preformed succinic acid which decreases 
during aerobic incubation and again reaches the original level in anaerobiosis. 
This reappearance of succinic acid is due partly to reduction of fumaric and 
malic acids and partly to continuous production from unknown precursors. 
Later [1930]she showed that glutamic and aspartic acids could give rise to succinic 
acid in muscle whereas acetic acid gave negative results. Clutterbuck [1927] was 
unable to find increased formation of malic acid from possible precursors, e.g. 
acetic and «-ketoglutaric acids, in muscle and liver pulp. Quastel & Wheatley 
[1932] found no increased formation of malic acid from lactic acid in minced 
brain. Toeniessen & Brinkmann [1930], on the other hand, succeeded in demon- 
strating the formation of succinic acid from pyruvic acid perfused through the 
hind limbs of a rabbit in the presence of a limited oxygen supply, whereas they 
failed to observe a similar production of succinic acid from acetic acid. No 
acetic acid could be found after perfusion with pyruvic acid, but formic acid was 
present. Since the latter was obtained also in control experiments without 
pyruvic acid, the conclusion that it was derived from pyruvic acid seems to be 
doubtful. The authors suggested a condensation of 2 mol. of pyruvic acid to 
a«’-diketoadipic acid which by hydrolysis would yield 1 mol. of succinic and 
2 mol. of formic acid. 

While this work was in progress, a preliminary note was published by Krebs 
[1936] stating that acetic and succinic acids had been identified amongst the 
products of the anaerobic oxidation of pyruvic acid. 

Elliott & Schroeder [1934] and Elliott e¢ al. [1935] have shown that succinic, 
fumaric and malic acids are oxidized in kidney slices with sufficient velocity to 
be intermediates in pyruvic acid oxidation, in contrast to acetic acid which is 
only slowly oxidized. If the same methods are applied to brain slices, however, it 
appears (Weil-Malherbe, unpublished) that, although succinic acid is readily 
oxidized to fumaric or malic acid, its further oxidation, as judged by the dis- 
appearance of acid groups and by the R.q., proceeds only very slowly. The slow 
oxidation of fumaric and malic acids by brain tissue led Quastel & Wheatley 
[1932] to reject Toeniessen & Brinkmann’s scheme for brain. If, however, the 
formation of succinic acid from pyruvic acid in brain could be proved, these 
conclusions would have to be reconsidered and the slow oxidation of added 
malic acid would have to be explained in a different way. That brain tissue is 
rich in active malic dehydrogenase has been shown by Green [1936, 2] and by 
my own experiments. The problems arising out of this discrepancy will be 
discussed in a separate paper where it will be shown that the conditions are 
different if succinic acid is formed from pyruvic or «-ketoglutaric acid or if it is 
added as such. 

The starting point of the present paper was the observation [Weil-Malherbe, 
1936, 1] that brain slices can synthesize glutamine from pyruvic acid and 
ammonia. «-Ketoglutaric acid was supposed to be an intermediate in this 
reaction, since (1) it yields glutamine under similar conditions, (2) it is formed 
by deamination of glutamic acid in brain, a reaction which must be regarded as 
the reversal of glutamic acid synthesis. «-Ketoglutaric acid thus appears to 
arise in the course of pyruvic acid oxidation. It was to be expected that the next 
step would be its conversion into succinic acid, as shown for yeast by Neuberg & 
Ringer [1915]. The importance of «-ketoglutaric acid as an intermediate is 
supported by the fact that it is readily oxidized by brain slices and by many 
other tissues to CO, and H,O and further by the existence of an enzyme which 
brings about its reversible reduction to l-«-hydroxyglutaric acid [Weil-Malherbe, 
1936, 3]. 








SUCCINIC ACID IN BRAIN 


EXPERIMENTAL 


Method of succinic acid estimation. In view of the easy preparation of active 
and specific succinic dehydrogenase the use of this enzyme for the determination 
of small amounts of succinic acid at once suggested itself. A method based on 
this principle has been devised by Gézsy [Annau et al., 1935] who uses a suspension 
of washed pigeon breast muscle. Equal amounts of the solution to be analysed 
are incubated with the muscle preparation in presence and in absence of 
malonic acid and the amount of succinic acid is calculated from the difference of 
the oxygen uptakes. This method has obvious disadvantages: (1) a muscle 
suspension, even if well washed, has still a considerable oxygen uptake, so that 
small differences of weight introduce relatively large errors; (2) the specificity of 
such a preparation is an uncertain and variable factor, since it depends largely 
upon the removal of coenzymes which may sometimes be incomplete; (3) the 
assumption is made that malonic acid inhibits succinic dehydrogenase specifically. 
As Gézsy emphasizes himself, the inhibition is not 100% with muscle pulp, but 
he should have added that on the other hand the oxygen uptake is considerably 
depressed even in absence of succinic acid. 

It is desirable to work with a standardized enzyme preparation whose 
properties are exactly known and reproducible. It should be highly specific and 
purified. It should be stable for a long time, if possible in a dry state. This 
would allow the use of the same enzyme preparation for many experiments and 
would dispense with the cumbersome preparation of fresh enzyme for each 
experiment. 

Preparation of enzyme. An enzyme preparation which fulfils most of these 
requirements is obtained in the following way. 

Fresh ox heart is freed from fat and connective tissue, chopped and minced. 
The mince is washed with cold tap water in a large basin until the wash water is 
colourless. About 5 washings are required, the wash water being decanted every 
time as completely as possible. The washed mince is squeezed out and ground 
very thoroughly with sand in a mortar, until it forms a thin, homogeneous paste. 
The pulp is pressed out in a hand-press and the liquid is rejected. About 400 ml. 
of 5% Na,HPO,,12H,0 are now added to the tissue [Ohlsson, 1921], thoroughly 
mixed and left for } hour. On pressing a turbid solution is obtained which is rich 
in succinic dehydrogenase. The solution is brought to pH 4-6 [Ogston & Green, 
1935] by addition of 200-300 ml. of 1/3 M acetate buffer of this pH. The 
precipitate is centrifuged, washed once with distilled water and dried in vacuo. 
The dry preparation, if kept in vacuo, can be stored for several months without 
serious loss of activity. For use it is ground with 10 vol. of 0-1 M phosphate 
buffer of pH 7-4 and the homogeneous emulsion is pipetted into the side-bulb of 
the manometer vessel whence it is tipped after thermal equilibrium is reached. 
The oxygen uptake of the enzyme preparation itself is negligible. 

Choice of carrier. Succinic dehydrogenase, succinic acid and oxygen cannot 
react unless a suitable ‘“‘carrier”’ is present [Ogston & Green, 1935]. Ogston & 
Green showed that cytochrome and methylene blue were active as carriers 
with their preparations of succinic dehydrogenase, cytochrome being by far 
superior. The same applies to our dry preparation. It follows that it contains 
an active indophenol oxidase which, hitherto, could not be obtained in a dry 
state. The presence of active indophenol oxidase can be demonstrated by the 
oxidation of p-phenylenediamine (Table I). The laborious preparation and 
perishable nature of cytochrome render it unsuitable for routine analyses. The 
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Table I. Activity of indophenol oxidase in the dry preparation from 
ox heart 
1 2 3 
M/10 p-phenylenediamine _— 2-0 ml. 2-0 ml. 
Water 2-0 ml. 0-5 ml. — 
10% enzyme suspension 0-5 ml. — 0-5 ml. 
pl. O, uptake in 20 min. 0 11 206 


most suitable carrier was found to be brilliant cresyl blue. Pyocyanine is entirely 

inactive. Whether this is explicable merely on potentiometric grounds is 

doubtful. Table II shows a comparison of the activities of different carriers. 
Table II. Comparison of different carriers 


2 ml. of M/10 succinate and 0-5 ml. of 10% enzyme suspension in each vessel 


pl. O, uptake 
in 2 hours 


2 ml. of cytochrome solution [Keilin, 1933] 438 
m 


0- 
0-5 ml. of 0-5% brilliant cresyl blue 296 
0-5 ml. of 0-5% methylene blue 197 
0-5 ml. of W/100 pyocyanine 0 


Technique. For the estimation of succinic acid 2 ml. of the neutral solution 
are pipetted into the main part of the manometer vessel, 0-5 ml. of 05% 
brilliant cresyl blue is added and 0-5 ml. of the 10 % enzyme suspension is placed 


40 80 120 160 min. 


Fig 1. I, Oxygen uptake of 0-59 mg. succinic acid (theoretically: 56 wl. O,). II, Oxygen uptake 
of 1-18 mg. succinic acid (theoretically: 112 ul. O,). 


in the side-bulb. The inner cup contains 0-2 ml. of 10% NaOH. As thermo- 
barometer a vessel is used which contains enzyme and carrier like the other 
vessels but 2 ml. of distilled water in the main part. Any oxygen uptake by the 
enzyme itself is thus allowed for. The estimation is carried out in Warburg 
manometers at 37-5°, the gas space containing air. The oxygen uptake reaches 
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100% of the theoretical value, i.e. 1/2 O, for 1 (CH,.COOH),, in the course of 
1-3 hours (Fig. 1). In a few cases the manometers have been left in the thermo- 
stat overnight without the correct result being impaired. 

In the first experiments the tissue was extracted repeatedly with a total 
quantity of 50 ml. of 4% trichloroacetic acid. The recovery of added succinic 
acid was 80% only. Later it was found that better results could be obtained 
when the tissue suspension was made up with water to 6 or 8 ml., thoroughly 
mixed, centrifuged and the measured supernatant fluid used for further pro- 
cedures. The recovery with this method amounted to 90-95%. 

Specificity of the enzyme. In Table IIT a number of substrates are enumerated 
which were examined with the enzyme preparation in the usual arrangement. With 
three of them a slight oxygen uptake was observed, which was, however, small 
compared with that of succinic acid. These substrates are: /-«-hydroxyglutaric 


Table III. Specificity of succinic dehydrogenase preparation 


2 ml. of M/10, neutralized substrates, 0-5 ml. of 10% enzyme suspension and 0-5 ml. of 
0-5% brilliant cresyl blue per vessel 


pl. O, ul. O, 
2 hours 2 hours 
Hexosemonophosphate @.: 
Hexosediphosphate 0 
dl-B-Hydroxy butyric acid 0 
l-x-Hydroxyglutaric acid 10 
«-Ketoglutaric acid 
Lactic acid 
l-Malic acid 
Pyruvic acid 
Phosphohexonic acid 
Succinic acid 


Acetic acid 


i —) Aspartic acid 
dl-Aspartic acid 
Citric acid 

Fumaric acid 

+) Glutamic acid 
d( —) Glutamic acid 
a-Glycerophosphate 
B-Glycerophosphate 


no > 
SCONSOCONNOSCS 


acid, «-glycerophosphate and d(—) glutamic acid. With /-«-hydroxyglutaric 
acid the total of the small oxygen uptake occurred in the first 30 min. It is not 
probable, however, that this is due to contaminating succinic acid since similar 
results were obtained with different concentrations. It is interesting to note 
that our preparation contains a glutamic acid deaminase which attacks d(—) 
glutamic acid only. The same change of optical specificity has taken place on 
purification of the enzyme here as was described previously for the glutamic 
acid deaminase of brain [Weil-Malherbe, 1936, 1]. This is fortunate from the 
point of view of the succinic acid estimation since it is not likely that d(—) 
glutamic acid will occur in biological material. The only serious objection with 
regard to specificity is the presence of «-glycerophosphate dehydrogenase. This 
was to be expected from the work of Green [1936, 1] who demonstrated the close 
resemblance of this enzyme to succinic dehydrogenase. The oxygen uptake 
with «-glycerophosphate is, however, less than 1/10 of that with succinic acid, in 
agreement with Green’s observation that heart is a poor source of the enzyme. 
It is highly improbable, however, that «-glycerophosphate caused any error in 
the experiments to be described. It is not likely to arise from the substrates 
mainly used in this research. Furthermore, in a large proportion of experiments 
the solution was heated with acid to 130° in the autoclave for 1 hour before the 
succinic acid estimation was carried out; it can be assumed that glycerophosphate 
is hydrolysed by this treatment. 

Inhibition of succinic dehydrogenase. In agreement with earlier observations 
it was found that malonic acid inhibits the enzyme completely, whereas maleic 
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acid does not inhibit at all. An unexpected inhibitor of succinic dehydrogenase 
was found to be «-ketoglutaric acid. This substance, if used in equal concentra- 
tion with succinic acid, causes an inhibition of 40-50%. This effect of «-keto- 
glutaric acid is very specific and is not observed either with other keto-acids, 
such as pyruvic or 2-ketogluconic acid, or with other substances of related 
constitution, e.g. hydroxyglutaric or glutamic acid. Purification via the barium 
salt had no influence on the inhibiting effect. A further observation can be 
regarded as a definite indication that this inhibition is actually due to «-keto- 
glutaric acid and not to an impurity: with d (—) glutamic acid a small inhibition 
can be seen which increases with time. This must be attributed to the formation 
of small amounts of «-ketoglutaric acid from d (—) glutamic acid by the action 
of the glutamic acid deaminase. 

Both pyocyanine and phenosafranine inhibit the enzyme considerably and 
to the same extent (Table IV). 


Table IV. Inhibition of succinic dehydrogenase 


2 ml. of M/20 succinate, 0-5 ml. 10% enzyme and 0-5 ml. 0-5% brilliant cresyl blue per 


vessel 
ul. O, in % 
Addition 60 min. inhibition 

O 182 — 
M/20 «-Ketoglutaric acid 82 55 
M/20 d( —) Glutamic acid 155 15 
M/350 Pyocyanine 104 43 
M/350 Phenosafranine 103 43-5 


It is not permissible to draw any conclusions from these observations with 
purified enzyme as to the behaviour of succinic dehydrogenase in the intact or 
minced tissue, as will be shown later. This is especially obvious in the case of 
a-ketoglutaric acid which is readily oxidized by both brain slices and mince 
without showing any sign of toxic action. 


RESULTS 


In experiments where an accumulation of succinic acid is aimed at, it is 
necessary to inhibit its further oxidation. Two methods were used: (1) anaerobic 
incubation, (2) poisoning of succinic dehydrogenase with malonic acid. Pyruvic, 
acetic and «-ketoglutaric acids were examined as possible precursors. 


Anaerobic formation of succinic acid 


It is well known that biological oxidations can proceed anaerobically to a 
certain extent, at the expense of hydrogen acceptors which are reduced simul- 
taneously. Under these conditions, the reduced forms of reversible oxidation- 
reduction systems, succinic acid, amongst others, will accumulate. The anaerobic 
oxidation of pyruvic acid is accomplished at the expense of other pyruvic acid 
molecules which are reduced to lactic acid. If «-ketoglutaric acid is oxidized 
anaerobically to succinic acid, an equivalent amount of /-x-hydroxyglutaric acid 
is formed. The quantitative aspect of these problems will be dealt with in a 
separate paper. The object of the present communication is merely the quali- 
tative demonstration of succinic acid formation. 

The anaerobic experiments were done with slices of guinea-pig brain and with 
minced brains obtained from the slaughter house. The slices of guinea-pig 
brain were suspended in 2 ml. of bicarbonate saline containing different sub- 
strates and were incubated for 2 hours in an atmosphere of N,/5°% CO,. Before 
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the manometers were removed from the thermostat 0-2 ml. of 10° H,SO, was 
tipped from the side-bulb. The tissue was taken out, dried and weighed, and the 
manometer vessels were put in a boiling water-bath for 5 min. to destroy any 
succinic dehydrogenase which might have passed into solution. The contents 
were neutralized and the side-bulbs of the vessels well rinsed. After addition of 
carrier and enzyme, succinic acid estimation was carried out in the manner 
already described. The formation of succinic acid (Table V) is very small from 
«-ketoglutaric acid, a little larger from pyruvic acid and from glucose. Addition 
of glucose to pyruvic or ketoglutaric acid increases the formation of succinic acid 
beyond a mere summation. The reason is perhaps that glucose provides addi- 
tional hydrogen acceptors. 


Table V. Anaerobic succinic acid formation by guinea-pig brain slices 
Addit ion Qsuccinic acid” 
0 


0 
0-2% Glucose 0-17 
M/50 Pyruvate 0-34 
2 [50 Ketoglutarate 0-09 
-2%, Glucose + M/50 pyruvate 1-18 
02 2% Glucose + M /50 ketoglutarate 0-33 
0 0 
0-2% Glucose 0-12 
M /50 Pyruvate 0-44 
M/50 Ketoglutarate 0-08 
M/50 Acetate 0 
0-2% Glucose + M/50 pyruvate 0-82 
0-2% Glucose + M/50 ketoglutarate 0-48 
0-2% Glucose + M/50 acetate 0 


* Qauccinic acid =Succinic acid/mg. dry weight/hour. 


These experiments with slices were not entirely satisfactory, since the quantity 
of succinic acid formed was very small and amounted often only to a few pl. of 
O, taken up. Experiments with minced brain yielded amounts of succinic acid 
large enough to allow manometer readings which were outside the limits of 
error. Brain is a material especially suitable for “‘Brei’’ experiments, since it 
can be made into a sufficiently mobile and homogeneous paste with very little 
dilution. In our experiments with minced brain the final proportion of solution 
to tissue did not exceed 1:1. The use of the tissue in this highly concentrated 
form is necessary, as the tissue loses its power of oxidizing keto-acids with 
increasing dilution. The procedure was usually as follows: the cortical parts of 
the brain obtained freshly from the slaughterhouse were minced and two parts 
of it were ground in a mortar with a little sand and 1 part of M/50 phosphate 
buffer pH 7-4, to which other components (substrates or poisons) could be added 
as required. 3 ml. of the thick fluid were then pipetted into a manometer vessel 
and 1 ml. of water or solution as required was added. The vessel contained 
therefore 2 g. of tissue in 2 ml. of solution. The anaerobic experiments of this 
kind were carried out in pure N,. After 2 hours’ incubation at 37-5° the vessels 
were quickly put in a boiling water-bath, the contents were rinsed with 3 ml. of 
water into centrifuge-tubes, thoroughly mixed with a glass rod and centrifuged. 
An aliquot of the supernatant fluid was deproteinized with 1/10 vol. of 30% 
trichloroacetic acid, the filtrate was heated in a boiling water-bath for }$ hour 
or until the excess trichloroacetic acid was decomposed and was then ready for 
the succinic acid estimation. 

The amounts of succinic acid which were found in these experiments 
(Table VI) are expressed in pl., ie. the volume of a certain quantity of succinic 
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Table VI. Anaerobic succinic acid formation by minced brain 


pl. succinic acid formed upon incubation with 











acid in gaseous form (118 mg. = 22400 yl.). The increase of succinic acid in the 
samples which were incubated with pyruvic or ketoglutaric acid is evident. 
Glucose does not cause any increased succinic acid formation, nor does it increase 
the formation from pyruvic or ketoglutaric acid. 

It is remarkable that increased succinic acid formation from acetic acid 
was never observed in these experiments, either with slices or with mince, in 
presence or in absence of glucose. 


Aerobic succinic acid formation 


No increase of succinic acid was found after aerobic incubation of either slices 
or mince with any of the substrates used, owing to the activity of the tissue’s own 
succinic dehydrogenase. An attempt was therefore made to poison this enzyme 
with malonic acid which, according to Szent-Gyérgyi and collaborators, in- 
hibits it specifically. This inhibitor had to be removed before the succinic acid 
estimations were carried out. To this end the solution, after deproteinizing and 
after addition of enough H,SO, to give a final acidity of 2N, was heated for 
1 hour at 130-135° in an autoclave. Succinic acid is quite stable under these 
conditions, but malonic acid is completely decomposed. The solution, after 
autoclaving, was neutralized to litmus with baryta, the precipitate of BaSQ, 
filtered off, and succinic acid was estimated in the usual way. «-Ketoglutcric 
acid is partly converted into succinic acid by autoclaving. It has therefore to be 
removed previously in the following way: a slight excess of M bisulphite and 
enough H,SO, to make the solution 2N are added and the solution is extracted 
with ether in a continuous extraction apparatus overnight. The bisulphite-keto- 
acid compound which is insoluble in ether is left behind whereas succinic and 
malonic acids pass into the extract. The ether is distilled off, the residue taken 
up with water, acidified and autoclaved. This procedure was sometimes carried 
out with all solutions whether they contained «-ketoglutaric acid or not. But 
after it was seen that the results in absence of «-ketoglutaric acid did not differ 
whether the ether extraction was done or not the latter was in most cases 
restricted to the solutions which contained «-ketoglutaric acid. The removal of 
a-ketoglutaric acid also reduces the time necessary for the succinic acid estima- 
tion, which, in the anaerobic experiments, had to be extended to 2-3 times its 
normal duration owing to the inhibiting effect of ketoglutaric acid on succinic 
dehydrogenase. 

Although the purified enzyme preparation is completely inhibited by malonic 
acid, it was soon realized that the position is more complex when malonic acid is 





Si ee F ie 
1-25 °6 glucose 1-25% 
M/8 keto- +M/8keto- — glucose+ 

O M/5 pyruvate M/5 acetate glutarate 1-25 % glucose glutarate 1/5 acetate 

f A, a t : t Ps > C ” . sae , ye — 

pl. pl. pl. pl. me pl. pl, 

suc- suc- % suc- oe suc- % suc- % suc- % suc- % 
cinic cinie —_in- cinie —in- cinic —in- cinie —in- cinie —in- cinie in. 

Species acid acid crease acid crease acid crease acid crease acid crease acid crease 
100 280 180 108 0 255 155 93 0 257 157 —- = 
108 196 82 93 0 256 135 — _ — _ - = 
725 122 69 67 0 265 268 69 0 285 290 685 0 
84 194 131 64 0 140 67 > - _- — — = 
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added to the minced tissue. It was found that there exists a critical concentration 
of malonic acid, above and below which less succinic acid or none accumulates 
(Table VII). This concentration is, for the concentration of mince used, i.e. one 


Table VII. Influence of different concentrations of malonic acid on the 
accumulation of succinic acid by minced brain 
ul. succinic % 
Species Addition acid increase 


Ox M/5 Malonic acid 171 
M/5 Malonic + M/5 pyruvic acid 167 
M/20 Malonic acid 106 
M/20 Malonic + M/5 pyruvic acid 214 
M/40 Malonic acid 130 
M/40 Malonic + M/5 pyruvic acid 180 


M/5 Malonic acid 103 — 
M/5 Malonic + M/8 ketoglutaric acid 124 20 
M/20 Malonic acid 42 _ 
M/20 Malonic + M/8 ketoglutaric acid 276 560 
M/40 Malonic acid 53 —_— 
M/40 Malonic + M/8 ketoglutaric acid 314 495 


part of tissue in one part of solution, M/20—M/50. In experiments with slices 
of guinea-pig brain I was unable to find any concentration of malonic acid 
within the range from M/250 to M/25 which would have brought about any 
accumulation of succinic acid, although there was a marked inhibition of respira- 
tion with the higher concentrations. In order to analyse these results in more 
detail, the R.Q. of «-ketoglutaric acid oxidation in presence of different con- 
centrations of malonic acid was measured. An accumulation of succinic acid 
should be reflected in a rise of R.Q. which is 1-25 for complete oxidation. It 
should rise to 2-0 in the case of a 100 % inhibition of succinic dehydrogenase and 
to 1-33 in the case of a 50 % inhibition. The position is less favourable in the case 
of pyruvic acid since the figures lie closer together. They are 1-20 for complete 
oxidation, 1-33 for 100% inhibition and 1-23 for 50% inhibition of succinic 
dehydrogenase. Since the R.Q. in presence of pyruvic acid is usually above the 
theoretical value (1-25-1-28) any significant increase cannot be expected and 
is in fact not observed. The R.Q. of ketoglutaric acid oxidation, however, is 
markedly raised (Table VIII), but only with those concentrations of malonic 


Table VIII. R.Q. of minced guinea-pig brain in presence of «-ketoglutaric acid 
and different concentrations of malonic acid 
In each vessel 0-4 g. of tissue and 0-4 ml. of solution. Method: Dickens & Simer [1930]. 
60 min. incubation 
Addition pl. O, pl. CO, R.Q. 
M/10 Ketoglutaric acid 352 347 0-99 
M/5 Malonic + M/10 ketoglutaric acid 142 133 0-94 
M/8 Ketoglutaric acid 238 244 1-02 
M/20 Malonic + M/8 ketoglutaric acid 161 203 1-26 


M/10 Ketoglutaric acid 305 309 1-01 
M/20 Malonic + M/10 ketoglutaric acid 139 185 1-33 
M/40 Malonic + M/10 ketoglutaric acid 198 254 1-28 


acid which lead to accumulation of succinic acid. From the increase of R.Q., an 
inhibition of succinic dehydrogenase of about 50°% can be estimated. 

No change of R.Q. was observed when slices of guinea-pig brain were 
poisoned with malonic acid (Table IX), in complete agreement with the negative 
attempts to accumulate succinic acid. 
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Table IX. R.Q. of guinea-pig brain slices in presence of pyruvic or «-keto- 
glutaric acid and different concentrations of malonic acid. Phosphate saline 











Addition Qo. Qcos R.Q. 

M/50 Ketoglutaric acid -91 9-7 1-06 
Do. +_M/200 malonic acid —8-5 9-0 1-05 
Do. + M/100 malonic acid -7:8 8-3 1-06 
Do. +.M/25 malonic acid —4-4 4:7 1-07 
M/50 Pyruvic acid —8-8 11-2 1-27 
Do. + M/100 malonic acid -8-1 10-1 1-25 
-4:9 6-3 1-29 








Do. + M/25 malonic acid 






In Table X the results of a number of experiments with minced brain 
poisoned with M/20 malonic acid are presented. They show a clear and 
invariably large increase of succinic acid upon incubation with «-ketoglutaric 







Table X. Accumulation of succinic acid in minced brain in presence of 


























M/20 malonic acid 
ul. succinic acid formed upon incubation with 
fee ee A— \ 
Oo M/5 pyruvate M/8 ketoglutarate M/5 acetate 
Ss 
pl. pl. pl. pl. 
succinic succinic % succinic % succinic % 
No. Species acid acid increase acid = increase acid = increase 
1 Sheep 180 380 111 480 166 160 0 
2 108 306 183 270 150 218 101 
3 122 265 117 310 154 113 0 
4 Ox 158 353 123 418 165 226 43 
5 Pig 153 252 65 330 116 225 47 
6 Horse 184 530 188 444 141 506 175 
7 164 404 146 620 278 370 125 
8 148 295 100 410 177 220 48 
9 89 340 282 386 334 130 46 
10 81 78 0 320 295 84 0 
ll 65 428 516 363 458 60 0 





acid, and also, with one exception (Exp. 10), with pyruvic acid. The surprising 
feature of these experiments is, in contrast to the negative results of the 
anaerobic experiments, the increase of succinic acid which is sometimes found 
after incubation with acetic acid. Although this result is erratic and less 
striking than with the other two acids, it is nevertheless significant. 

The observation that pyocyanine inhibits succinic dehydrogenase suggested 
the use of this substance for accumulation of succinic acid. It was extracted 
from the neutral solution with chloroform before the succinic acid estimations 
were carried out. Pyocyanine seems to inhibit strongly the enzymes which bring 
about oxidative decarboxylation of keto-acids, but it neither increased the R.Q. 
nor did it bring about an accumulation of succinic acid. This is, in addition to 
«-ketoglutaric and malonic acids, the third example of disagreement of results 
obtained with the purified enzyme and with tissue. 















Demonstration of the production of a permanganate-resistant volatile acid 
from pyruvic acid 






Toeniessen & Brinkmann’s scheme assuming the condensation of 2 mol. of 
pyruvic acid to «x’-diketoadipic acid was based on two claims: (1) that acetic 
acid does not yield succinic acid in the animal body, (2) that no acetic acid is 
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formed from pyruvic acid. The first of these claims has been disproved at least 
in some cases, although the erratic and quantitatively small nature of the 
observation must be admitted. This result called for re-examination of the 
second claim also. 

The method used for estimation of acetic acid is based on a steam distillation 
in vacuo, carried out in the Parnas apparatus for ammonia estimations. The 
volatility of the acid is increased when it is distilled from a concentrated salt 
solution [Virtanen & Pulkki, 1928]. Precautions are necessary to prevent the 
distillation of pyruvic acid. Lactic acid is volatile to a small extent, but the 
quantity of distilled acid does not increase in proportion to the concentration 
[Virtanen & Pulkki, 1928]. The distillate which is collected under a pressure of 
12mm. Hg, is free from CO, and can be titrated with CO,-free V/100 NaOH 
against phenolphthalein in the cold. 

The procedure is as follows: to the solution which has been separated from 
the tissue by centrifuging is added 1 ml. of a solution containing 0-7 ml. of pure 
phenylhydrazine in 10 ml. of 5% phosphoric acid (this applies to solutions con- 
taining 30-40 mg. of pyruvic acid, as was the case in these experiments). After 
1 hour at 0° the precipitate of the hydrazone and of proteins is filtered off, and 
1 ml. of syrupy phosphoric acid is added to the filtrate. The solution is made 
up to roughly 10 ml. and is quantitatively transferred to the bulb of the Parnas 
apparatus. 4 g. of NaH,PO, are added in order to increase the ionic strength of 
the solution and the distillation is started. Exactly 25 ml. of distillate are 
collected in a calibrated tube. It was found that under these conditions and 
with the particular apparatus used 80% of added acetic acid passed over in 
25 ml. of distillate. This proportion was constant for the concentrations of 
acetic acid examined, i.e. 0-3-3 mg./10 ml. After each estimation distillation was 
continued until the last traces of acid had disappeared from the distillate. 


Table XI. Formation of volatile acid wpon incubation of minced ox brain 
with pyruvic acid for 2 hours. 2g. of tissue in 2 ml. of solution 
ml. 17/100 NaOH titrated pl. volatile 
rn acid, cal- 
Before After culated as 
Addition incubation incubation Difference acetic acid 


In O, O 0-38 0-38 0 

M/5 pyruvic acid 0-38 0-65 0-27 7 
In N, O 0-38 0-34 0 

M/5 pyruvic acid 0-38 0-70 0-32 9 


It will be seen from Table XI that a small but definite quantity of volatile 
acid is found after aerobic and anaerobic incubation of minced brain with 
pyruvic acid. This acid does not reduce KMnO, and is therefore probably acetic 
acid, although it has not yet been identified by other reactions. 


Discussion 


The evidence which has been presented confirms the observation of Toeniessen 
& Brinkmann that succinic acid is formed from pyruvic acid in the animal body 
and reveals a close similarity of the oxidative metabolisms of micro-organisms 
and higher animals. We can therefore safely regard succinic acid as a substrate 
of intermediary metabolism. Innes [1936] came to the same conclusion con- 
cerning fumaric acid. She found with minced muscle that the extra oxygen 
uptake upon addition of fumaric acid was accounted for by a corresponding 
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disappearance of this acid. It is therefore probable that the further oxidation of 
succinic acid passes through the stages of fumaric, malic and oxaloacetic acids; 
pyruvic acid is formed by decarboxylation of the latter and the oxidative cycle 
starts again. 

One of the arguments put forward by Szent-Gy6érgyi in support of his theory 
is the assumption that the depression of respiration in presence of malonic acid 
is due to a specific inhibition of succinic dehydrogenase. Our experiments have 
shown that there is no strict correlation. The only certain indication of a specific 
inhibition of succinic dehydrogenase is the accumulation of succinic acid from a 
precursor. But, although an inhibition of respiration was observed, no succinic 
acid accumulated when brain slices were incubated with malonic acid. The 
oxidation of succinic acid was therefore inhibited only in proportion to the 
inhibition of respiration generally. Succinic dehydrogenase seems to be pro- 
tected from malonic acid in the structurally intact tissue. The behaviour of 
minced brain shows more resemblance to that of the purified enzyme. Greville 
[1936] has already pointed out that the effects of malonate are greater the more 
unphysiological the experimental conditions are. With minced brain, we see a 
certain specific inhibition of succinic dehydrogenase, as indicated by an accumula- 
tion of succinic acid, although it is much less powerful than with the purified 
enzyme. With increasing concentration of malonic acid however this specificity 
disappears again. This means that other enzyme systems are affected too and 
therefore the formation of succinic acid is as much inhibited asisits disappearance. 
The conversion of «-ketoglutaric acid into succinic acid involves only one 
reaction : an oxidative decarboxylation. This process must therefore be inhibited 
by malonic acid to the same degree as succinic dehydrogenase, if no succinic 
acid accumulates from «-ketoglutaric acid. Other effects of malonic acid have 
recently been described: increased formation of acetone bodies [Annau et al. 
1935; 1936], inhibition of aerobic breakdown of acetoacetic acid [Quastel & 
Wheatley, 1935] and inhibition of malic dehydrogenase [Green, 1936, 2]. The 
effects of malonic acid are therefore complex and cannot all be attributed to a 
primary and specific inhibition of succinic dehydrogenase. 

The mechanism of succinic acid formation from pyruvic acid is still an un- 
solved problem. Although the arguments put forward by Toeniessen & Brink- 
mann in support of their scheme were shown to be ill-founded, the reasons which 
were adduced in an earlier section in favour of «-ketoglutaric acid as an inter- 
mediate are still unshaken. To this can be added the results of our experiments 
showing a certain parallelism of succinic acid formations from both pyruvic and 
a-ketoglutaric acids. Whether «-ketoglutaric acid is formed by condensation of 
2 mol. of pyruvic acid with subsequent decarboxylation [Weil-Malherbe, 1936, 1] 
or by condensation of 1 mol. of pyruvic acid with 1 mol. of acetic acid [Krebs, 
1936], is at present a matter of speculation. Experiments in which pyruvic + 
acetic acids were used did not show any increased succinic acid formation com- 
pared with that from pyruvic acid alone. Attempts to poison the oxidative 
decarboxylation without affecting the condensing mechanism were equally 
unsuccessful. It is quite possible that condensation and decarboxylation are in 
some way coupled together. It may be that an especially reactive unstable inter- 
mediate, e.g. the ketene which was recently postulated [Weil-Malherbe, 1936, 2], 
plays an important role in the reaction. 

Although it is very probable that «-ketoglutaric acid is an intermediary stage 
in the series of reactions which lead from pyruvic to succinic acid, the existence 
of a second, less important pathway is not excluded: the formation of succinic 
acid by the condensation of 2 mols. of acetic acid, as formulated by the original 
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Thunberg-Wieland theory. This mechanism seems to be the rule in micro- 
organisms, and the sporadic observations of succinic acid formation from acetic 
acid in our experiments can hardly be explained differently. 


SUMMARY 


A method of succinic acid estimation based on the action of a specific 
succinic dehydrogenase preparation from ox heart is described. The properties 
of this enzyme preparation have been studied in some detail. The only objection 
which can be made as to specificity is the presence of «-glycerophosphate 
dehydrogenase. The activity of this enzyme is, however, more than ten times 
smaller than that of succinic dehydrogenase. A glutamic acid deaminase which 
is also present only attacks the non-natural isomeride. Succinic dehydrogenase 
is inhibited by «-ketoglutaric acid, pyocyanine and phenosafranine. 

The formation of succinic acid from pyruvic and «-ketoglutaric acids is 
demonstrated anaerobically with brain slices and with minced brain. Aerobically, 
in experiments with minced brain poisoned with malonic acid, pyruvic, «-keto- 
glutaric and, in some cases, acetic acids were found to yield succinic acid. Under 
the same conditions the R.Q. of ketoglutaric oxidation is raised, indicating a 
specific inhibition of succinic dehydrogenase of roughly 50°. Malonic acid does 
not lead to succinic acid accumulation with brain slices, and with mince only 
if used in certain concentrations. Small amounts of a volatile acid, probably 
acetic acid, are formed from pyruvic acid by minced brain. The significance of 
these observations and the possible mechanism of succinic acid formation are 


discussed. 
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DespPITE the very large amount of work done on serum globulin, comparatively 
few investigations have dealt with the electrophoretic properties of this im- 
portant protein, although, as has been shown in several papers from this and other 
laboratories, migration data are of very great importance for characterization 
of proteins and biocolloids in general. 

As far as the author has been able to find, the only quantitative investigation 
of the pH-mobility relationship for this protein so far has been made by 
Reiner [1927], using a U-tube apparatus with two stopcocks in each limb, by 
which arrangement samples could be taken out for analytical determination of 
the migration. A series of mobilities in buffer solutions of pH from 3-6 to 9-5 were 
obtained. The isoelectric point was at pH 5-4. In a previous work the author 
[1930] has measured the electrophoresis of serum “‘pseudo-” and “‘eu-globulin”’ 
as well as unfractionated globulin, but only at one single pH value of 7-22. All 
three preparations showed heterogeneous migration, and the mobilities were 
different. 

In connexion with some research on proteins of immune sera, the author 
needed data on the mobility of normal serum globulin and its fractions. There- 
fore a new investigation was made, which gave results deviating in certain 
points from those obtained by Reiner. 

The procedure for measurement of electrophoresis used in this work has been 
described in earlier papers [Tiselius, 1930; Pedersen, 1933]. The movement of 
the boundaries in the U tube is followed by ultraviolet photography, a method 
especially valuable for obtaining information regarding electrochemical homo- 
geneity of the substance studied. 

The serum globulin was prepared by saturating horse serum to 55% with 
ammonium sulphate and washing the precipitate with the same solution.' 
After dissolving in 5% NaCl, the globulin was reprecipitated 3 times in the 
same way (serum globulin II). Treatment with NaCl left an undissolved residue. 
This was dissolved with 0-1M phosphate buffer of pH 7 (serum globulin I). Some 
of the first fraction (serum globulin II) was dialysed against distilled water 
and then electrodialysed between parchment membranes until the current no 
longer fell. The remaining solution (‘‘pseudoglobulin”) formed the third 
fraction studied (serum globulin III). The three fractions obtained thus differ 
in their solubilities quite considerably: the first being only partially soluble in 
5% NaCl, whilst the last is soluble even in distilled water. The different globulin 
preparations were investigated in the ultracentrifuge and showed the sedimenta- 
tion constant=7 x 10-1* characteristic for serum globulin in unfractionated serum. 
No appreciable amount of albumin (s=4-5 x 10-1) could be detected, but a 
certain quantity of heavier fractions also found in serum (s=about 18 x 10-® 
and higher) was present. 

1 The preparation was made by Mr N. Gralén. 
( 313 ) 
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For the electrophoresis experiment the necessary amount of stock solution 
was diluted with the buffer to be used as supernatant, and the solutions were 
dialysed against each other overnight. 

As has been shown by the author in the work referred to above, not only 
hydrogen ions but also other ions influence the mobility. If the effects of the 
hydrogen ions only are to be studied separately, all other factors except the pH 
must be kept constant. This is not possible, as the composition of the buffer 
solutions must necessarily vary. The simplest case is offered by buffer solu- 
tions of the type acetic acid-sodium acetate, where the sodium acetate concen- 
tration and therefore very nearly all of the electrolyte present is kept constant, 
the variation in pH being brought about by changing the amount of acid. 
Buffer solutions like the phosphate mixtures are more difficult, since the valency 
type of the electrolytes present also varies in the buffering range. In such cases 
the author has made use of buffer solutions of constant ionic strength for each 
series of determinations at varying pH. This is a generalization of the rule 
followed for the acetate buffer system. 

Especially when working in wide pH ranges, with one buffer system following 
upon the other, it is absolutely necessary to follow some rule regarding the 
choice of the total buffer concentration or else sharp changes depending upon 
ions other than H+ may occur in the mobility in the pH range where two buffer 
systems meet. The choice of the ionic strength for this purpose can be theoretic- 
ally justified if the modification in mobility caused by changes in the ionic 
medium at constant pH is a non-specific electrostatic effect, as in the ionic 
interaction theory of Debye-Hiickel. An experimental justification was found 
by Pedersen in some unpublished electrophoresis measurements on haemoglobin 
in different media. He found that the mobilities in phosphate and borate buffers, 
at pH values covered by both, were the same, provided that the ionic strength 
was the same. In each buffer system, however, variation in the buffer concen- 
tration at constant pH had a very marked effect on the mobility. Naturally, this 
rule cannot be expected to hold for ions which react chemically (that is not only 
by electrostatic effects) with the proteins. Citrate ions for example exert a very 
strong effect on serum globulin, increasing its negative charge. 

Most of the author’s previous measurements were made at an ionic strength 
of 0-02, which is usually a sufficiently high concentration to depress the 
boundary disturbances. Serum globulin requires a much higher salt con- 
centration to remain in solution. All determinations were thus made at an 
ionic strength of 0-1. Acetate and phosphate mixtures were used. The protein 
concentration was 0-2-0-3%. 

As the conductivity was about 5 times higher than in the dilute buffer 
solution used previously for water-soluble proteins, the voltage was reduced to 
between half or one third, in order not to exceed the maximum allowable load 
on the apparatus. 

The results of the measurements on horse serum globulin are given in 
Table I below and in Fig. 1. A curve has been drawn only for whole serum 
globulin (preparation IT above). 

For comparison some measurements were also made on unfractionated serum 
globulin, prepared from rabbit serum (last column in Table I, and Fig. 2). 

The accuracy in these experiments was not as high as usual for several reasons. 
The high conductivity, the low mobility, and above all the very marked hetero- 
geneity of migration all tend to increase the error of measurement. In the 
procedure followed, heterogeneity of migration can be detected, as has been 
shown by the author in the work already referred to above. If several 
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Table I. Electrophoretic mobilities of the different serum globulin preparations 
at 20° in acetate and phosphate buffer solutions of varying pH and constant ionic 
strength 0-1. + and — refer to the charge on the protein 


Mobility in cm.? volt~ sec.— x 10° 
AN — 


Horse serum globulin 
*~ Rabbit serum 


Buffer pH I Il globulin 
Acetate 4-08 +63 +56 
4-63 +39 —_ 
4-69 = +24 
Phosphate 5-28 +03 -0-3 
5-63 -1-7 _— 
6-02 -19 -3-1 
6-87 -— 
6-98 -3-7 - 53 
8-03 — 6-8 —8-0 - 6. 
Isoelectric points (pH), and slope of the mobility — pH curve at (pH)p: _ 
Horse serum globulin, unfractionated (prep. II) (pH),=5-20, (du/dpH)=4-3 x 10. 
Rabbit serum globulin, unfractionated (pH), =5-26, (du/dpH)) =4°6 x 10~. 


8+ ux 105 


Fig. 1. The mobility of horse serum globulin at different pH values and 20°. o Serum 
globulin I, o serum globulin II, @ serum globulin III. The curve has been drawn to fit the 


values for serum globulin II. 


Fig. 2. The mobility of rabbit serum globulin at different pH values and 20°. 


components are present, one may observe either several boundaries or a general 


diffuse blurring of the originally sharp boundary, depending upon the differences 
in their mobilities. The effect is reversed if the direction of the current is changed 
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and may thus be distinguished from the effect caused by diffusion alone. The 
preparations of serum globulin investigated by the author in the previous com- 
munication all showed marked heterogeneity in this way. This result could be 
confirmed for all preparations studied in the present paper, the heterogeneity 
being especially marked at large pH values. Here also the differences between 
_ the different fractions are most marked, I and ITI showing smaller mobilities than 
II (Fig. 1). A curve has been drawn for fraction II in Fig. 1. The two other 
fractions seem to be somewhat more positive: but the differences are rather slight 
in the isoelectric range and do not lead to more than 0-1 pH difference in the 
isoelectric point. There is no parallelism between solubility in NaCl and 
electrophoretic mobility: the fractions of high and low solubility are both more 
positive than the intermediate fraction. 

The value of the isoelectric point (pH),=5-20 is somewhat lower than the 
value of 5-4 obtained by Reiner [1927]. However, it is probable that our prepara- 
tions are not quite comparable: Reiner’s globulin had been extracted with 
alcohol-ether to remove lipoid. Moreover, he was not able to investigate the 
globulin solutions at sufficiently high salt concentrations to keep all of the 
protein in solution, but the greater part of the globulin precipitated and only 
the supernatant was used for electrophoresis determination. Thus Reiner’s 
results should rather be compared with those obtained in the present paper with 
the most soluble fraction (IIT) which in fact gives (pH), =5-3. 

However, a very marked difference in our results is found at higher pH 
values, where Reiner finds an extremely rapid change between pH 5-8 and 6-0 
from 1-30 to 6-74 x 10-* cm.? sec.—1, the mobility at higher pH values being almost 
constant, whereas the results obtained in the present paper give a smooth curve 
very similar in shape to that found for other proteins. The effect is probably due 
to the fact that the buffer was changed (from acetate to phosphate) just as in 
the pH interval in question. 

The rabbit serum globulin gives very nearly the same curve as the corre- 
sponding preparation from the horse (see Fig. 2). In fact, the differences are 
within the experimental errors. The migration is heterogeneous. 

The electrochemical heterogeneity of serum globulin demonstrated in the 
present paper as well as in the preliminary experiments in the previous com- 
munication seems of interest also in view of the fact that Felton [1928], Felton & 
Kauffmann [1933] and Reiner & Reiner [1933] have isolated globulin fractions 
with somewhat different pH precipitation maxima from horse serum. For 
normal serum the fractionation obtained in this way is not very marked; both 
fractions have a precipitation maximum at about pH 5-5-6-0, but one fraction 
was more completely precipitated at pH 5-1 than at 6-0, the other more com- 
pletely at pH 6-7 than at 5-1 (Reiner & Reiner). The most direct method, on - 
these lines, of fractionating serum globulin is to make use of electrophoresis for 
the separation. This was done in a specially constructed apparatus in which 
serum could be subjected to prolonged electrophoresis at high potential and 
samples of the differently migrating fractions could be isolated. At pH 8 the 
slowest fraction consists of a protein with isoelectric point pH 5-6 and a 
mobility as low as 2-4x10-> at pH 8 which showed the characteristics of 
serum globulin (sedimentation constant s=7 x 10-1*, precipitation with 50% 
saturation of ammonium sulphate). Moreover, this protein gave a much more 
uniform migration than any of the preparations of serum globulin studied 
before. 

The next paper will deal with the properties of fractions thus obtained by 
electrophoretic analysis of serum. 
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INTRODUCTION 


Karstr6m [1930] has classified bacterial enzymes as adaptive and constitutive. 
The former are only produced if the substrate is present during growth. Examples 
of adaptive enzymes which have recently been studied in some detail are the 
hydrogenlyase of Bact. coli [Stephenson & Stickland, 1932; 1933; Yudkin, 1932] 
and the galactozymase of yeast [Stephenson & Yudkin, 1936]. The mode of 
production of these enzymes is of considerable theoretical interest, and some 
speculations as to its nature and biological implications have been put forward 
by one of us [Yudkin, 1932; 1937]. 

The classification of enzymes into the two groups, adaptive and constitutive, 
is however inadequate in view of the fact that enzyme production may be 
influenced by the presence of substances other than the enzyme substrate. In 
many cases these substances are chemically related to the substrate, a fact of 
theoretical interest discussed elsewhere [Yudkin, 1937]. In other cases, the 
inciting agent is a compound entirely unrelated to the enzyme substrate. 

The most interesting example of this type of enzyme production is that 
described by Jacoby [1916-18] in the bacterial formation of urease. Jacoby 
suggested that the production of an enzyme by a cell may be limited by the 
presence of specific substances required by the cell for the building up of the 
enzyme molecule. His first results suggested that such “bricks” (Bausteine) 
could be obtained from lecithin (but not cholesterol) [1916, 1], the alcohol- 
soluble fraction of serum [1916, 2] and glucose [1916, 3]. 























Table I. Jacoby’s conclusions. Effect of carbohydrates and allied substances 
on urease production by bacteria 









Very active Fairly active Slightly active Inactive 
d-Glucose d-Fructose Ethyleneglycol d-Sorbose 
d-Galactose d- and l-Arabinose Propyleneglycol d-Mannose 
Glycerol Maltose Rhamnose 
Glyceraldehyde Sucrose 
Dihydroxyacetone Lactose 
Pyruvie acid Raffinose 





Lactic acid Mannitol 










Later Jacoby [1917, 1] stated that the carbohydrates and allied compounds 
could be classed into 4 groups according to their efficacy in urease production 
(Table I). From these results, Jacoby concluded that the group 

H OH 
—¢t_cHo 
bu H 

( 318 ) 
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was necessary for the formation of the enzyme. His first attempt to produce 
the enzyme by growing the bacteria in a synthetic medium did not succeed 
[1917, 2]. Later, however, it was found that the enzyme was formed if amino- 
acids, of which leucine must be one, were present in an inorganic medium to 
which glycerol was added [1917, 3, 4]. 

These experiments had been carried out with Proteus vulgaris. Bact. coli 
yielded similar results [Jacoby, 1918, 1]. 

The results obtained with these experiments are not so unequivocal as 
Jacoby assumed. From his several papers containing scanty experimental detail, 
it appears that the experiments were conducted along the following lines, The 
bacteria were usually grown ona broth medium. After 3 or 4 days’ growth, 1 ml. 
of this growing culture was added to 20 ml. 2% urea solution, together with 
10 ml. of water or a solution of the substance whose enzyme-forming power was 
to be investigated. The ammonia produced in 24 hours was measured, and the 
production of more ammonia in the experiments with the additional substance 
was held to be due to the production of more enzyme by the bacteria through 
the action of this substance. 

Two criticisms can be raised regarding these experiments. First, the effect 
observed might be due to an increase of the rate of the enzymic reaction by the 
substance concerned rather than the production of fresh enzyme. Secondly, in 
none of Jacoby’s experiments was it made clear that the increased ammonia 
production was not due to growth during the experiment, and that the supposed 
enzyme-forming substance was not a general growth-promoter. Of interest in 
this connexion are the results obtained from a study of catalase production by 
Proteus vulgaris. With an experimental technique similar to that used for urease, 
Jacoby [1918, 2] had claimed that catalase production in this organism was 
increased by the presence of lactate. Virtanen & Karstrém [1925], however, 
showed that under the experimental conditions employed by Jacoby, there was 
increased growth of the bacteria in the media containing lactate, which was 
sufficient to account for the results obtained. 

The first criticism was partly met in one or two of Jacoby’s papers. In one 
case, he compared the effect of lecithin on the bacterial enzyme with its effect 
on soya bean urease. He found that lecithin increased ammonia production with 
the former but had no effect on the latter. Arguing that the enzymes are 
identical since their behaviours are similar, Jacoby interpreted these results as 
showing that the action of the lecithin is not on preformed enzyme and must 
therefore be due to its stimulation of the bacteria to increased enzyme pro- 
duction. In a second case, the control experiments were more satisfactory in 
that Jacoby [1917, 5] showed directly on a dried bacterial enzyme preparation 
that lecithin did not result in the increased action observed with the living 


organisms. 


The production of urease by micro-organisms has received some attention from other workers. 
Using a technique exactly similar to that of Jacoby and hence subject to the same criticisms, 
Lehr [1926] found that in cultures of Proteus small concentrations of beryllium produced an 
increased urease activity, whilst a control with a dried bacterial preparation showed no such 
increase. Although he mentioned that this result might just as well be explained by an increased 
growth of bacteria as by a specific increase in enzyme production, Lehr concluded that “die 
Wirkung des Berylliums besteht in der Anregung der Bakterienzelle zu vermehrter Ferment- 
produktion”. 

The effect of glucose on urease production by Aspergillus niger was studied by Iwanoff [1925]. 
It was found that when the mould was grown in the presence of small amounts of glucose and 
large amounts of nitrogen compounds, large quantities of urea were produced in the medium. If 
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more sugar were present, no urea was formed. These results were to be explained by the fact that 
urease was not found in the mould when little sugar was present, whereas it appeared when more 
sugar was added. Similar results were obtained with other moulds. Iwanoff suggested that the 
addition -of sugar, which certainly increases the growth of the mould, allows it to build more 
protoplasm. For this, large amounts of nitrogen are used which would, in the absence of sugar, be 
excreted in the form of urea. However, he was unable to explain the formation of urease in the 
















presence of sugar. 
Similar results with bacteria were obtained by Iwanoff & Smirnowa [1927]. Certain bacteria, 


such as B. subtilis and B. megatherium, produce urea on a broth-peptone medium, whilst 
others, such as Proteus, do not. This is associated with the absence of urease from the former and 
its presence in the latter. The addition of glucose to the medium results in urease being produced 
by the organisms of the first group too, and urea is then not found in the medium in which they 
are grown. 

The formation of urease by several strains of bacteria was stated by Rubentschik [1926], to 
be independent of the presence of urea in the medium—that is, urease is a “constitutive” enzyme, 
On a broth-peptone medium, containing in most cases ammonium carbonate, which was found to 
be necessary for growth, urease was produced, and growing for five generations in such urea-free 
media did not decrease the amount of enzyme formed. However, the possibility exists that urea 
is formed in the broth-peptone medium by bacterial breakdown. 


The hypothesis of Jacoby that enzyme production may be dependent on the 
presence of substances required for the synthesis of the enzyme is of great 
theoretical interest and importance. In view of this and of the criticisms to 
which experiments with growing organisms are subject, it was considered de- 
sirable to reinvestigate the effect of carbohydrates on urease production, using 
washed suspensions of bacteria.“Thus the substance to be investigated was 
present only during growth, and not during the estimation of the urease activity 
of the preparation. 






















Methods 


Preparation of bacterial suspension. The organism used was Proteus vulgaris 
from the laboratory stock originally isolated from the large intestine of a rabbit. 
It was motile and fermented maltose, sucrose, glucose, galactose and salicin 
with production of acid and gas. Lactose, arabinose and mannitol were not 
fermented. For the preparation of suspensions, two tubes each containing 50 ml. 
of peptone broth, enriched with the substances studied, were inoculated from 
a Pasteur pipette with 7 drops of a 24-hour broth culture and incubated for 
24 hours. The organisms were then centrifuged and washed twice with saline 
and finally resuspended in 5 ml. of saline./ 

Urease estimations. A 1 in 5 dilution of the suspension was made. 2 ml. 
were taken and added together with 4 drops of phenol red to 2 ml. of 2% urea 
in a test-tube. Tubes were set up in quadruplicate in a water-bath at room 
temperature. The indicator formed a convenient rough test of the strength of the 
suspension. It was found that if pH 7-6 had not been reached within 5 minutes, 


Table II 


2 ml. urea solution and 2 ml. of Proteus suspension diluted 1 in 5. ml. N/100 acid 
required to titrate to the neutral point 

























Time from 
mixing 
min. Tube 1 Tube 2 Tube 3 
68 0-92 — — 
122 0-42 1-32 — 
180 0-48 0-48 1-88 





Total acid required 1-82 1-80 1-88 
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the dilution was too great to give adequate readings, and a fresh dilution could 
at once be set up. The ammonia produced was titrated at 30 min. intervals 
directly with N/100 H,SO, from a microburette calibrated to 0-01 ml. Table II 
shows that provided that not more than 1-5 ml. of acid arerequired, it isimmaterial 
whether one, two or more titrations are done in a given period. Thus within the 
limits of our experiments, the enzyme activity is independent of pH changes. 
Table III shows that the activity is directly proportional to the quantity of 


suspension present. 
- ° Table III 


Exp. 2. Proteus suspension | : 2-5 
ml. V/100 H,SO, 

needed 3 hours ml. acid/ml., 

ml, suspension at 20° suspension 
2-00 3-38 
1-50 2-47 
1-00 1-74 
1-44 
1-24 
0-90 
0-68 
0-48 
0-32 
0-26 
0-19 

0-085 


It was originally ;planned to estimate the urease activity by direct deter- 
mination of ammonia produced by the micro-method of Conway. In preliminary 
experiments, it was found that the range of urease activity was so great that the 
ammonia production frequently overshot the acid in the Conway unit. Direct 
titrations were found to be as reliable and much more simple. In one experiment 
parallel estimations were made by the Conway method, and it was found that 
this method gave values for ammonia production consistently 20°% above the 
direct titration. 

The total quantity of organisms in each suspension was determined by total 
nitrogen estimations by the micro-Kjeldahl method,“ 


RESULTS AND CONCLUSIONS 


Table IV shows a typical experiment. The urease activity is taken as ml. of 
N/100 H,SO, required to neutralize the ammonia produced per mg. N in the 


Table IV 


Exp. 10. 2 ml. of urea solution and 2 ml. of Proteus suspension 
in water-bath at 21° 


Substance added mg. N in NH, produced=ml. mi. acid/hour/mg. 
during growth suspension N/100 acid of N 
Control 0-328 1-80 
Arabinose 0-165 2-02 
Galactose 0-169 1-46 
Glucose 0-166 0-44 
Glycerol 0-181 1-43 
Lactate 0-214 0-37 


matty 
“10 Cr-3b9 


bacterial suspension per hour. Different experiments can conveniently be com- 
pared by expressing the control value in each case as 100. Table V shows the 
results so expressed for our five experiments. It will be seen that with arabinose 
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Table V. Urease activity 













Control = 100 
Exp. Control Arabinose Fructose Galactose Glucose Glycerol Lactate 
6 100 130 — 140 _ 140 — 
8 100 — 120 = 30 — 50 
9 100 240 200 — 20 140 50 
10 100 220 — 160 50 140 30 
ll 100 180 90 100 — — 50 









as substrate there is approximately 100% increase in urease production, with 
glycerol 40% increase, with fructose and galactose an inconstant increase and 
with glucose and lactate over 50% decrease. In the experiment given in detail 
in Table IV, the N content of the control is approximately twice that of the 
remainder. A similar result was obtained in all experiments, and, although no 
precautions were taken to ensure no loss of organisms during the washing, it 
was obvious that the growth from all the tubes was less than that in the control. 

A comparison of Table V with Table I shows that we have not been able to 
confirm Jacoby’s results. We have shown that certain substances have definite 
effects on urease production, but that there is no obvious association between the 
molecular structures of the substances and their effects. No carbohydrate group 
is an essential “‘brick”’ for urease formation. 
















SUMMARY 


1. Jacoby’s conclusion that the group 
H OH 


ie 
—C—C—CHO 
as 
OHH 
is an essential ‘‘brick’” for urease formation by Proteus vulgaris has not been 


confirmed. 

2. With arabinose added to the culture medium there is a 100% increase 
in urease production, with glycerol 40% increase, with fructose and galactose 
an inconstant increase and with glucose and lactate 50% decrease. 

3. All these substances reduce the total growth below the levelfof the control. 
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PREVIOUS experiments [Nicolaysen, 1937] indicate that the action of vitamin D 
in the rat’s gut is confined to a direct action on the absorption of Ca. The object 
of the experiments to be described below was to contribute further to knowledge 
about the nature of the action of vitamin D in the gut. 


EXPERIMENTAL 


The “‘rachitic”’ rats used in these experiments were fed on a vitamin D- 
deficient ration for at least 6 weeks before they were used for experiment. They 
were thus all in a late stage of vitamin D deficiency. The control rats were kept 
on the same diet, but with the addition of 50 1.U. vitamin D daily (as calciferol). 


Preparation of isolated loop 


Before the beginning of the experiment all the rats were kept without food 
overnight. The isolation of the loop was performed under ether narcosis. The 
mesenterium of the first 10-15 cm. of jejunum in rats weighing 70-120 g. is so 
short that measurement of the length of the loop is rather uncertain. A 30 cm. 
loop was isolated in each rat, starting about 15 cm. below the pylorus, and the 
lumen was rinsed out with 0-9 °% NaCl solution. The remaining fluid was pressed 
gently out between two fingers. The distal end was tied off, 3 ml. of the solution 
to be tested were injected into the lumen with a 3 ml. pipette and the proximal 
opening tied off. The loop was then replaced in the abdomen, the wall closed 
and the narcosis discontinued. After definite intervals the rats were killed by 
decapitation and the loops removed for analyses. 


The pipette used for the injection into the loops delivered with an accuracy of +0-2%. To 
judge from the variations in the lengths and the weights of the emptied loops after removal, an 
error of as much as 10% due to differences in the measurement of the length of the loop may occur. 
The method, which has been extensively used by other workers [Verzar & Laszt, 1935], might at first 
sight appear unphysiological, but the condition of the rats at the end of the experiment was quite 
good, and the isolated loop looked quite normal. Only with the highest concentrations were the 
loops slightly distended at the end of the experiment. 

! Rockefeller Research Fellow. 
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Absorption of calcium from isolated loops 


The solutions used for injections into the loops were neutral calcium chloride 
solutions. Calcium gluconate was tried, but even hypotonic solutions sometimes 
seemed to irritate the gut, causing a considerable secretion; and inconsistent 
results followed. In preliminary experiments it was observed that it was im- 
possible to rinse all the remaining Ca out of the lumen at the end of the experi- 
ment. Rinsed and emptied loops were found to contain up to 0-6 mg. Ca per g. 
of loop, as compared with 0-08-0-12 mg. Ca per g. of loop observed in 10 experi- 
ments in which no Ca was injected. The average value in these 10 blank experi- 
ments was 0-1 mg. Ca per g. loop. In the actual experiments therefore the 
following procedure was adopted to allow for the Ca remaining in the lumen. The 
loops were rinsed out with distilled water, pressed out and weighed. The loops 
together with the rinsed-out content were ashed with nitric and perchloric acids. 
The ash solutions were transferred to volumetric flasks and aliquot parts analysed 
for Ca by the oxidimetric method. The weight of the loop (1-4-1-7 g.) x 0-1 mg. 
was then subtracted from the value found for unabsorbed Ca. The error resulting 
from this procedure is negligible. 

In case it might be thought that precipitation of Ca would affect the rate of 
absorption, experiments were done to decide this point. When 14-7 mg. Ca were 
injected, about 75% of the remaining Ca was found in the filtrate derived from 
the content plus the washing water. 
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Fig. 1. Absorption of Ca from isolated loops of the jejunum. 
3 ml. CaCl, injected into 30 cm. loops. 


e Normal rats. x Vitamin D-deficient rats. 






Results. The results of the experiments with Ca are given in Fig. 1. Groups 
of 4 normal and 4 “‘rachitic” rats were used to test each concentration. This 
number of animals is naturally insufficient to cover the possible range of varia- 
bility. The results here presented are consistent enough, however, to justify the 
conclusion that the same difference is observed with regard to Ca absorption 
between normal and vitamin D-deficient rats, as was previously recorded in 
metabolism experiments [Nicolaysen, 1937]. 

The shape of the smoothed curves indicates that there is a definite relation- 
ship between the rate of absorption and the concentration of the injected Ca 
solution. This is in agreement with previous observation [Nicolaysen, 1937] 
that up to a certain limit the absorption of Ca depends upon the amount ingested. 
From these results it would seem possible that the absorption of Ca is due to 
diffusion, and that the reduced absorptive rate in vitamin D-deficient rats may 
therefore be due to a reduced rate of diffusion or a reduced permeability. On the 
other hand, the possibility of a chemical reaction of some kind cannot be ruled out. 
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The absorption of calcium from the abdominal cavity 


If the decreased rate of absorption of Ca in vitamin D deficiency is due to a 
decreased permeability, there is a possibility that all cells in the body are affected. 
If this is so one should be able to demonstrate a decreased rate of absorption of 
Ca from the abdominal cavity, where there would seem to be no possibility of 
a chemical reaction being involved in the absorption of Ca. To test this possibility 
the following experiments were performed. 

Experimental procedure. The injection of the CaCl, solution into the abdominal 
cavity was performed under an ether narcosis so light that the animals were on 
their legs again immediately after the injection was finished. After intervals of 
15, 30, 60 and 180 min. the animals were killed by decapitation. The skin was 
removed, and with a small incision the abdominal cavity was opened over a 
large funnel inserted into a Kjeldahl flask. The remaining fluid ran out. The 
abdominal wall was then opened with a large cross-section, whereupon even- 
tration followed. The wall and the viscera were rinsed repeatedly with distilled 
water. The whole sample was ashed with nitric and perchloric acids, the ash 
solutions transferred to volumetric flasks and analyses carried out on aliquot 
parts. 
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Fig. 2. Absorption of Ca from the abdominal cavity. 
15-3 mg. Ca as CaCl, injected in 5 ml. water. 
e gives maxima and minima. 


Groups of 12 normal and 12 vitamin D-deficient rats were used for these 
experiments, i.e. 3 normal and 3 “rachitic” rats at each interval. Fig. 2 gives 
the results for the normal rats only, as there was no difference between normal 
and vitamin D-deficient rats. The curve is constructed through the average 
values. The maxima and minima are marked for every interval. The only con- 
clusion which is permissible from these experiments is that this possible action 
of vitamin D on the permeability of the cells in the body is not a universal one. 


The absorption of xylose and of sodium sulphate from isolated loops 


Verzar & Laszt [1935] have found the same type of absorption curves for 
sodium sulphate and for the sugars xylose, sorbose and mannose from isolated loops 
as that reported here for Ca. As a demonstration of a reduced rate of absorption 
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in vitamin D deficiency of substances other than Ca would make it appear 
probable that vitamin D exerts its effect on the permeability of the absorptive 
epithelium of the gut, the absorption of xylose and of sodium sulphate was 
studied. Another reason for choosing this type of substance is that the output 
of dry faeces per g. food intake is not increased in vitamin D-deficient rats 
[Innes & Nicolaysen, 1937], which indicates that the ability to absorb the main 
food constituents other than Ca is not primarily affected in vitamin D-deficient 
rats. 

Xylose. The technique was that described in the opening portion of the paper. 
The xylose remaining in the loops at the end of the experiment was rinsed out 
with distilled water. After filtration the solutions were made up to a definite 
volume in volumetric flasks, and analyses performed on aliquot parts. Hawkins 
[1929] has shown that xylose and glucose g. for g. reduce the same amount of 
ferricyanide. The analyses were therefore performed by the Hagedorn-Jensen 
method. 

Fig. 3 gives the results obtained in the vitamin D-deficient rats only, as 
identical results were obtained in normal rats. 





mg. Na,SO, absorbed in 2 hours 








il 1665 525 
mg. xylose injected mg. Na,SO, injected 
Fig. 3. Fig. 4. 


Fig. 3. Absorption of xylose from isolated loops of the jejunum. 
3 ml. solution injected into 30 cm. loops. 





Fig. 4. Absorption of Na,SO, from isolated loops of the jejunum. 
3ml. Na,SO, solution injected. 


Sodium sulphate. After filtration of the contents of the loops together with 
the washing water, the sulphate was determined by precipitation with BaCl, 
and weighing as BaSO,. Identical results were obtained in both groups of rats. 
Fig. 4 gives the results obtained in the rachitic rats only. 
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Discussion 


The experiments in which the absorption of Ca was studied from the ab- 
dominal cavity and xylose and Na,SO, from isolated loops fail to elucidate 
further the mode of action of vitamin D on the absorptive epithelium of the gut. 
They contribute, however, to knowledge about the localization of the point of 
attack of the vitamin and about the specificity of the action. 

The absorption curves for xylose and Na,SO, given by Verzar & Laszt [1935] 
are identical with those presented here, and the absorption curve for Ca is of 
the same type. Verzar considers that these “physical” curves prove that the 
absorption is a diffusion process. This argument may be satisfactory for a sub- 
stance like xylose which ordinarily takes no part in intermediary metabolism. 
It seems, however, that more evidence is needed before the same final statement 
can be made about the mode of absorption of an ordinary food constituent like 
Ca. If in fact it is true of Ca, the consequence would then be that vitamin D 
influences the permeability of the absorptive epithelium of the gut. 

Slowness of absorption of Ca. It is of interest to compare the rates of absorption 
from the gut of the three substances studied. In Fig. 5 a comparison has been 
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Fig. 5. Percentage absorptions of calculated isotonic solutions of CaCl,, Na,SO, 
and xylose from isolated loops of the jejunum. 


made of the percentage absorptions in 2 hours of calculated isotonic solutions. 
The figure illustrates well the extreme slowness with which CaCl, is absorbed, 
the percentage absorption being only half that of the slowly absorbed Na,SQ,. 
The rate of absorption of Ca in the experiments with 14-7 mg. Ca (see Fig. 1) 
is 0-9 mg. per hour. The whole length of the small intestine in these rats is 
about 70 cm. The rate of absorption from the lower part of the small intestine is 
the same as from the upper part, as the rate of absorption was found to be 
doubled in some experiments in which the whole of the small intestine was 
used. The rate of absorption of Ca from isolated small intestine is calculated to be 
about 2 mg. per hour. This figure corresponds well with the maximum absorption 
found in metabolism experiments (42 mg. per day) [Nicolaysen, 1937]. 

Vitamin D and intestinal pH. Zucker & Matzner [1923] discovered that the 
intestinal content and the faeces are less acid in vitamin D-deficient than in 
normal rats. It has since been regarded as a possibility that vitamin D influences 
the secretion into the digestive tract of a substance making the content more 
acid. Assuming that ions other than Ca are absorbed at a normal rate, a relative 
preponderance of cations will be the consequence of the reduced absorption of 
Ca in vitamin D-deficient animals. This would explain the reduced acidity in the 
intestinal content. Although the absorption of all ions which are normally 
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present in the intestinal content has not been investigated, there is considerable 
reason to believe that the rate of absorption of these ions is in fact normal. The 
Steenbock-Black diet is rich in NaCl (1%), and the faeces of vitamin D-deficient 
rats contain no more water than those excreted by normal rats. This demon- 
strates indirectly that the NaCl is absorbed as well by the rachitic as it is by the 
normal rats, and that other ions presumably are not present in any excess in the 
faeces of rachitic rats. The effect of vitamin D deficiency on the absorption of 
phosphate from isolated loops will be investigated, but from the metabolism 
experiments [Nicolaysen, 1937] one would not expect the rate to be diminished. 

The reduced rate of absorption of Ca in vitamin D deficiency seems to explain 
the chief symptoms of rickets. An increased amount of Ca in the gut will pre- 
cipitate more phosphate than normally, so that a relative Ca and P starvation 
follows. This again may explain the reduced concentration of Ca and P in the 
blood and the faulty bone formation which follows. 


















SUMMARY 






The rate of absorption of Ca from isolated loops increases with increasing 
concentration both in normal and vitamin D-deficient rats, but the rate in vitamin 
D-deficient rats is considerably lower than in normal rats. 

The rates of absorption of Ca from the abdominal cavity and of xylose and 
sodium sulphate from isolated loops are identical in normal and vitamin D- 
deficient rats. 
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Ir has been shown [Lohmann, 1934; Ostern e¢ al., 1935; Needham & van 
Heyningen, 1935; Lehmann, 1935] that the following reactions, involving the 
transfer of phosphate from one organic molecule to another, can go on in muscle 
extract: 


2 Phosphopyruvic acid + Adenylic acid +Adenylpyrophosphate + 2 Pyruvic acid. 
Adenylpyrophosphate + 2 Creatine = 2 Creatinephosphate + Adenylic acid. 


The second reaction has been very carefully investigated, and it was shown that 
an equilibrium occurs [Lehmann, 1935; 1936]. The equilibrium point depends on 
pH. It was further found that the reaction is not trimolecular. It can be split 
up into two bimolecular reactions in which adenosinediphosphate (a substance 
discovered by Lohmann [1935] in crab muscle) figures in vertebrate muscle 
also, as an intermediate between adenylpyrophosphate and adenylic acid. The 
equilibrium formula may thus be written 

[Adenylpyrosphosphate] [Creatine? _ K..K. 

[Adenylic acid] [Creatinephosphate® ~~ 1°" 2 
made up from the two formulae 

[ Adenylpyrophosphate] [Creatine] ai 

[Adenosinediphosphate] [Creatinephosphate] ~ 1 


_ [Adenosinediphosphate] [Creatine] _ K 
[Adenylic acid] [Creatinephosphate] ~~ 2° 


As the estimation of K, is very difficult, this value is best calculated from 
K,="“*») In crab muscle extract only the K, reaction is usually found 


(arginine of course replacing creatine). In vertebrate muscle also the K, reaction 
is far faster than the K, reaction, and probably in normal muscle the latter 
scarcely occurs. K, and K, decrease with increasing pH and vice versa. 

The fact that adenylic acid is so rapidly deaminated has also caused some 
workers to doubt whether this substance plays any important role in muscle 
in vivo. Adenosinediphosphate is much less readily deaminated than adenylic 
acid, its deamination is completely inhibited at a slightly alkaline reaction, while 
for inhibition of adenylic acid deamination the unphysiological pH of 11 is 
necessary. Adenosinediphosphate is therefore to be recommended for use in 
in vivo experiments on the adenylic compounds, as a more physiological sub- 
stance than adenylic acid itself. 

It seems very probable that the formation of adenylpyrophosphate from 
phosphopyruvic acid also takes place in two stages since both adenosinediphos- 
phate and adenylic acid can act as phosphate carriers in rabbit muscle extract for 
the Parnas reaction. 
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In the following work, the part played by adenosinediphosphate was assumed, 
but no attempt was made to distinguish in practice between adenylpyrophosphate 
and adenosinediphosphate. 

There is still another phosphorylation, the formation of hexosediphosphate 
from glycogen. From work on muscle brei, this was believed to occur more quickly 
at the expense of the phosphate of adenylpyrophosphate [Parnas et al., 1934] 
although inorganic phosphate could also play a part. Recently Parnas and his 
colleagues [Parnas & Baranowski, 1935; Ostern & Guthke, 1936; Ostern e¢ al., 
1936; Parnas & Ostern, 1936] have shown that inorganic phosphate can react 
with glycogen to form hexosemonophosphate. They are of the opinion that 
glycogen itself does not react with adenylpyrophosphate, but that the latter 
phosphorylates hexosemonophosphate. The results given in this paper confirm 
the finding that glycogen can be esterified by inorganic P; they do, however, 
also confirm the earlier view that there is also a direct reaction between adenyl- 
pyrophosphate and glycogen. 

As there exist, therefore, a number of different directions in which phosphate 
may be transferred, it is of interest to examine which possibility is actually 
realized under various conditions. The case chosen for particular study was that 
of phosphopyruvic acid as donator, with creatine and glycogen as competing 
acceptors and adenylic acid as carrier. The competition between two phosphory- 
lating agents, phosphopyruvic acid and creatinephosphate, competing for the 
same acceptor, adenylic acid, was also investigated. 


TECHNIQUE 
Preparation of extracts 


The extracts were made in the usual way [vide Meyerhof, 1926]. Rabbit and 
frog muscle were used. To get rid of creatine, inorganic phosphate, inosinic acid, 
lactic acid etc. the extracts were dialysed at 4° in cellophane tubes against 
20 volumes of distilled water or 0-5% KCl solution; the dialysis liquid was 
frequently changed. An important condition for the success of the experiments 
described is the absence of adenylpyrophosphatase. This enzyme can be in- 
activated in two ways without affecting the other enzymes concerned: (1) by 
long dialysis (15 hours); in this case complete inactivation seems only to be 
reached if the extract is moved during the dialysis, and inactivation by shaking 
may play some part; (2) by keeping the extract several days at 0°. 

The extracts used were practically free from phosphate and the adenyl- 
pyrophosphatase had been completely inactivated. 

To obtain pH 8-8, a mixture of M/2 sodium bicarbonate and M/2 sodium 
carbonate was added to the extract, the final concentration being adjusted to 
M/20. 

To obtain pH 6-5, the extract was made M/20 with respect to sodium bicar- 
bonate and saturated with CO,. 


Methods of analysis 


All phosphate estimations were done by the method of Fiske & Subbarow 
[1925], and the various phosphate fractions were assessed in the following way, 
using the hydrolysis method of Lohmann [1928]. Estimations were made: (a) On 
the trichloroacetic filtrate after standing 40 min. with the Fiske & Subbarow re- 
agents (Fiske P); this gives the creatinephosphate P and any inorganic P which 
may be present. In complete absence of adenylpyrophosphatase and exclusion of 
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development of inorganic P, Fiske P after n min.—Fiske P initial =creatine- 
phosphate P formed. (6) After 7 min. hydrolysis at 100° with N HCl (7’ P). 
(c) After 60 min. hydrolysis at 100° with N HCl (60’ P). 

Adenylic acid P is 20% hydrolysed after 60 min. Phosphopyruvic acid is 
50 % hydrolysed in 7 min. and 100% in 60 min. ; therefore 60’ P—7’ P—20 % of 
adenylic P (if present) =50% of the phosphopyruvic P. In using this method 
for estimating phosphopyruvic acid it is, of course, necessary to know the 

.amount of adenylic acid present. 

The pyrophosphate of adenylpyrophosphate is completely hydrolysed in 
7 min.; if phosphopyruvic acid is also present, 7’ P— Fiske P—50% phospho- 
pyruvic P=pyrophosphate P. Phosphoglyceric acid and glycerophosphate are 
practically unhydrolysed in 60 min.; an ‘increase in either will therefore be 
observed as a decrease in the amount of P hydrolysable in 60 min. In all the 
experiments described here fluoride was added. In this way, when esterification 
of glycogen occurs, the observed result will be an increase in glycerophosphoric 
and phosphoglyceric acids, the fluoride preventing further breakdown of the phos- 
phoglyceric acid. When pyruvic acid is present, the glycerophosphoric can be 
converted into phosphoglyceric acid. In these experiments, therefore, esterifica- 
tion of glycogen is measured in terms of increase in difficultly hydrolysable P, 
i.e. 60’ P initial—60’ P after n min. 

Preparations used. The adenylic acid was obtained from the firm of Henning, 
Berlin. The adenylpyrophosphate was made from rabbit muscle by Lohmann’s 
method [1931]; the creatinephosphate by Lehmann’s method [1935]; and the 
phosphopyruvic acid by the synthetic method of Kiessling [1935]. 


COMPETITION BETWEEN CREATINE AND GLYCOGEN 


Exp. 1. Rabbit muscle extract 6 days old, dialysed 15 hours. 

1 ml. extract +3 ml. additions. 

Each sample contained 0-5 mg. adenylic P, 1-28 mg. phosphopyruvic P, 
0-12 mg. Mg., 0-13 °% NaHCo,. 

Fluoride was added, making the concentration M/50. 

The samples were kept at 20° for 6 min. 


Creatine Phospho- 
phosphate glyceric 
P as % of P as % of 

Creatine- phospho- Phospho- phospho- 
phosphate pyruvic glyceric pyruvic 
Added P/mg. P added P/mg. P added 
_ 0 — 0-07 6* 
10 mg. creatine 0-87 68 0-07 6* 
10 mg. glycogen 0 — 0-93 74 
10 mg. creatine + 10 mg. glycogen 0-79 62 0-04 3 
* The F inhibition does not seem complete; the effect is always very irregular. Usually W/50 F 
gives 100% inhibition, and very often M/100 is enough. 


These results, and those of Exp. 2, show that either creatine or glycogen 
separately is readily esterified. If, however, both creatine and glycogen are 
added together, the phosphorylation occurs first almost entirely in favour of the 
creatine. This is the case both at pH 8-8 and 6-5. If the samples are kept a longer 
time, 20 min. instead of 5 min., further rearrangement goes on, phosphate 
passing from creatinephosphate (via adenylic acid) to glycogen. This is shown 
by the much greater increase in difficultly hydrolysable P after 20 min., and the 
corresponding decrease in creatinephosphate P. This latter process is not quite so 
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Exp. 2. Frog muscle extract, 4 days old, dialysed 8 hours. 
1 ml. extract +3 ml. additions. 
Each sample contained 0-5 mg. adenylic P, 1-48 mg. phosphopyruvic P, 















0-8 mg. Mg. 
Fluoride was added, making the concentration M/50. 
= 90° 
Temperature = 20°. Creatine Phospho- 
phosphate glyceric 
Formed P as % of Formed P as % of 
creatine- phospho- phospho- phospho- 
Time phosphate pyruvic glyceric pyruvic 
pH min. Acceptor P/mg. P added P/mg. P added 
8-8 5 10 mg. creatine 1-31 88 0 _— 
8-8 5 10 mg. glycogen 0 — 1-05 71 
8-8 5 10 mg. creatine 1-05 71 0-20 14 
+10 mg. glycogen 
8-8 20 10 mg. creatine 0-61 41 0-64 43 
+10 mg. glycogen 
6-5 5 10 mg. creatine 1-22 83 0 —_ 
6-5 5 10 mg. glycogen 0 = 1-15 77 
6-5 5 10 mg. creatine 0-95 64 0-14 10 





+10 mg. glycogen 
6-5 20 10 mg. creatine 0-42 28 0-64 43 
+10 mg. glycogen 
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Fig. 1. Exp. 2. Esterification of competing acceptors for P from phosphopyruvic acid with adenylic 
acid as P carrier. Black, creatinephosphate P formed; white, phosphoglyceric P formed from 


glycogen esterification. 





Phosphopyruvic P transferred 


Creatine Glycogen Creatine + Creatine + 
glycogen glycogen 






quick at pH 8-8 as at pH 6-5, because the latter pH favours the transport from 
creatinephosphoric to adenylic acid. 

The fact that pH has little effect on the original reaction is interesting. It 
might have been supposed that at a lower pH, where the equilibrium has shifted 
in favour of creatinephosphate breakdown, the rate of glycogen esterification 
might have compared more favourably with that of creatine esterification. The 
results show that at acid as well as alkaline reaction, the transfer of phosphate 
from adenylpyrophosphate to creatine is a much more rapid reaction than the 
transfer to glycogen. As, however, the transfer to creatine is a reversible reaction, 
while that to glycogen is not, as time goes on glycogen esterification gradually 
gains. 

That two separate enzymes are concerned is made likely by the following 
experiment with a very old extract, which was found to be incapable of 
phosphorylating glycogen, although it showed considerable activity with 
creatine. 
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Exp. 3. Rabbit muscle extract, 19 days old, dialysed 15 hours. 
2 ml. extract with 2 ml. additions. 
Each sample contained 0-1 mg. adenylpyrophosphate P (7’ P), 1-12 mg. 
phosphopyruvic P, 1-8 mg. Mg. 
Fluoride was added, making the concentration //100. 
The samples were kept for 30 min. at 20°. 
Formed mg. Formed mg. 
creatine- phospho- 
pu Acceptor phosphate P glyceric P 
8-8 +10 mg. creatine 0-7 0 
8-8 +10 mg. glycogen 0 6 
8-8 +10 mg. creatine 0-6 0 
+10 mg. glycogen 
6-2 +10 mg. creatine 0-7 
6. +10 mg. glycogen 0 
6-6 +10 mg. creatine 0-7 
+10 mg. glycogen 


That the first step in the phosphate transference (from phosphopyruvic to 
adenylic acid) is not affected either by the presence of fluoride or by change in 
pH was shown separately. 


Exp. 4. Rabbit muscle extract, 12 days old, dialysed 15 hours. 
1 ml. extract+1 ml. additions. 
Each sample contained 1-0 mg. adenylic P, 0-72 mg. phosphopyruvic P, 
0-6 mg. Mg. 
The samples were kept for 20 min. at 20°, 
Formed mg. % of 
adenylpyro- phospho- 
pH phosphate P pyruvic P 
8-8 M/50 NaF 0-66 94 
8-8 — 0-72 100 
6-5 M/50 NaF 0-72 100 
6-5 — 0-64 91 


COMPETITION BETWEEN PHOSPHOPYRUVIC ACID AND CREATINEPHOSPHATE 


Exp. 5. Frog muscle extract, 5 days old, dialysed 8 hours. 

1 ml. extract+3 ml. additions. 

Each sample contained 0-5 mg. adenylic P, 1-48 mg. phosphopyruvic P, 
1-32 mg. creatinephosphate P, 0-5 mg. Mg. 

Fluoride was added making the concentration /50. 

Room temperature. 


Creatine- 
phosphate P 
pH in mg. % decrease 
8-8 1-34 
; 1-28 
f 0-95 
1-37 


These results show that, at pH 8-8, the reaction between phosphopyruvic 
and adenylic acids is more rapid than that between creatinephosphate and 
adenylic acid. Even after 5 min. the creatinephosphate content has scarcely 
diminished. At pH 6-5, on the other hand, the rate of creatinephosphate reaction 
with adenylic acid is much greater, and 40-80% of the adenylic acid has been 
phosphorylated at the expense of creatinephosphate in 45sec. But as time goes on, 
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because the creatinephosphate breakdown is reversible, while that of phospho- 
pyruvic is irreversible, resynthesis of some creatinephosphate takes place. The 
action of the adenylic deaminase also favours creatinephosphate resynthesis. 







MECHANISM OF GLYCOGEN ESTERIFICATION 






In the experiments so far described the extracts used were practically free 
from inorganic phosphate; a little was contained in the phosphopyruvate added, 
but the final concentration was not more than 0-003M. From their manner of 
preparation the extracts can have contained very little, if any, adenylpyro- 
phosphatase, so that no inorganic P formation was to be expected. Some 
experiments were now done to test the effect of varying concentrations of 
inorganic P upon the course of glycogen esterification. 










Exp. 6. Rabbit muscle extract, 8 days old, dialysed 8 hours. 
2 ml. extract +3 ml. additions. 
Each sample contained 0-61 mg. phosphopyruvic P, 0-5 mg. Mg., 0-13% 
NaHCo,. 

Fluoride was added making the concentration M/100. 

The phosphopyruvicacid added contained a certain amount of inorganic Pand 
the extract also contained traces; altogether 0-25 mg. inorganic P was present. 
The samples were kept for 30 min. at 37°. 









Change in Change in _—_ Phospho- 

Change in Changein phosphopyruvic difficultly  glyceric P 

Fiske P phospho- P +adenyl- hydroly- formation 

in % of pyruvic pyrophosphate sable P in % of 

phospho- P+adenyl- P in % of (phospho- phospho- 

Change in pyruvic P _ pyrophos- phospho- glyceric P _— pyruvic P 















Further Fiske P added phate P pyruvic P formation) added 
additions in mg. P (%) in mg. P added (%) in mg. P (%) 
1 _ +0-01 + 2 +0 - +0 _ 
2 1 mg. adenylic P +0-05 + 8 —0-04 - 7 +0-01 — 
3 1 mg. adenylic P +0-21 +34 —0-22 —36 +0 —- 
+10 mg. creatine 
4 1mg. adenylic P +0 0 — 0-37 -61 +0-37 +61 
+10 mg. glycogen 
5 1 mg. adenylic P - 0-05 +8 — 0-26 —43 +0-14 +28 





+10 mg. creatine 
+10 mg. glycogen 











These results show that practically no inorganic P is formed when phos- 
phopyruvic and adenylic acids are added (sample 2), and the absence of adenyl- 
pyrophosphatase is thus demonstrated. All the glycogen esterification here is at 
the expense of phosphopyruvic acid P. It must therefore have been transferred 
by adenylic acid, and esterification by adenylpyrophosphate has gone on, 
although nearly 0-002M inorganic phosphate is present. This is in striking 
contrast to Exp. 7, where the concentration of inorganic P was increased six 
times. 

In Exp. 7 we see (a) that adenylpyrophosphatase is absent (sample 2); 
(6) that esterification of free phosphate has gone on where glycogen is present 
(decrease in Fiske P, samples 4 and 5); (c) that the increase in difficultly hydroly- 
sable P is almost entirely at the expense of the inorganic P, only about 12% 
coming from phosphopyruvic P. Under these conditions, then, where the 
inorganic P concentration is about 0-01, esterification of glycogen goes on 
more readily from inorganic P than from phosphopyruvic P. 
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Exp. 7. The same experiment as 6, with addition of 1-25 mg. inorganic P. 
In[_ ] figures without addition of inorganic P 


Change in 
phospho- 
pyruvic P Change in 
Change in Change in and adenyl- phospho- 
Fiske P phospho- pyrophos- glyceric P 
in % of pyruvic P phate P in % of 
phospho- and adenyl- in % of Change in phospho- 
Change in pyruvic P pyrophos- phospho- phospho- pyruvic 
Further Fiske P added phate P pyruvic P glyceric P P added 
additions in mg. P %) in mg. P added (%) in mg. P (%) 
1 +0-03[+0-01] + 5[+2] 0 [0] 0 [0] +0 [+0] 0[-] 
2 +AdenylicP +0-06[+0-05] +10[+8] -003[-004] - 5[-7] +001[+001] + 2[-] 
3 +Adenylic P +0-18[+0-21] +30[+34] -0-18[-0-22] -30[-36] +0-02[+0] + 3[-] 
+ Creatine 
4 +AdenylicP -0-42 [+0] — 69 [0] -0-05[-0-37] - 8[-61] +0-47[+0-37] +77[+61] 
+Glycogen 
5 +Adenylic P -0-47[+0-05] -71[+8] -008[-0-26] -13[-43] +0-55[+0-14] +90[+28] 
+Creatine 
+Glycogen 


In Exp. 8 a comparison is made of degrees of glycogen esterification with ~ 
different sources of phosphate. The conditions were the same as in Exp. 6 
including, of course, M/50 fluoride ete. Difficultly 

hydrolysable 
P formed 

(1) +10 mg. glycogen + 0-61 mg. phosphopyruvic P + 1 mg. adenylic P 0-37 

(2) +10 mg. glycogen + 1-25 mg. inorganic P 0-14 

(3) +10 mg. glycogen+1-25mg. inorganic P+0-61 mg. phospho- 0-47 

pyruvic P+1 mg. adenylic P 


That adenylic acid plays some part also in the transfer of inorganic P to 
glycogen is suggested by the next experiment. 


Exp. 9. Rabbit muscle extract, 14 days old, 8 hours dialysed. 

2 ml. extract+2 ml. additions. 

Each sample contained 10 mg. glycogen, 1-88 mg. inorganic P, 0-3 ml. 13% 
NaHCO,, 1 mg. Mg. Sample 3 contained 1 mg. adenylic P. 

One was precipitated at once; the other two were kept 60 min. at 37°. 


(1) 0’ 1-88 inorganic P. 
(2) 60’ 1-67 3 
(3) 60’ 1-49 44 


Here twice as much inorganic P is esterified in presence of adenylic acid as in 
its absence. 

The reaction between glycogen and inorganic phosphate is very much slower 
than the reaction between glycogen and adenylpyrophosphate. In Exp. 8 only 
0-14 mg. inorganic P was esterified in 30 min. at 37° in absence of phospho- 
pyruvic and adenylic acids; in their presence, 0-47 mg. of inorganic P was 
esterified. On the other hand, in Exp. 2, with a low concentration of inorganic P, 
in the presence of adenylpyrophosphate and phosphopyruvic acid, more than 
1 mg. of difficultly hydrolysable P was formed in 5 min. 

We have, then, two reasons for believing that reaction with inorganic P is 
not essential for glycogen esterification. (1) In presence of phosphopyruvic 
acid+adenylic acid large amounts of glycogen are esterified, although the 
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inorganic P content does not change; these results were obtained in conditions 
where formation of inorganic P (which might have masked esterification) is not 
going on; also a simultaneous decrease in phosphopyruvic P occurs. (2) From 
the available data, the rate of reaction of free phosphate with glycogen is very 
much lower than the rate of esterification by means of phosphopyruvic + adenylic 
acids. This makes it difficult to regard the reaction with inorganic phosphate as 
an essential preliminary step. 

The mechanism of the part played by adenylic acid in the esterification of 
free phosphate will be further investigated. It is interesting to notice that a 
similar effect was obtained by Cori & Cori [1936], using washed muscle residue 
in place of muscle extract. Here esterification of glycogen (with formation of a 
new hexosemonophosphate) occurred at the expense of inorganic P and the 
degree of esterification was increased by adding adenylic acid. 


Discussion 
The possible directions of phosphate transfer can be summarized as follows: 


Glycogen 





Pyruvic 
a 





. f 
Nd i 4 
iis 
Adenylic 5 
S 
2a//2b 3\, 
7 | 
Creatine Inorganic 


Competition can occur between I, 1 and 26; II, 2a, 3 and 4; III, 4 and 5; 
IV, 2a and 2b. 

I. 1<2b6 in acid milieu; 1>2b6 in alkaline milieu. 

II. 2a>4, independent of pH. With long experiments, conditions change, 
because 2a is reversible while 4 is not, and the result appears 2a<4. 2a<3 in 
acid milieu; 2a>3 in alkaline milieu. 

3 and 4 will be further investigated. 4 appears to be dependent on the 
amount of inorganic P present. With much inorganic P 4>3, with little 4<3. 

III. In presence of sufficient inorganic P 5>4; in absence of sufficient 
inorganic P 5<4. 

IV. 2a<26 in acid milieu; 2a>26 in alkaline milieu. As these two trans- 
ferences form a reversible equilibrium, following the law of mass action, the 
observed result depends in practice not only on pH, but on donators and 
acceptors also present. 

These results, obtained in vitro, show possible directions of phosphate 
transfer and some of the factors which may influence this transfer. It is 
interesting to consider the bearing of these results, as far as may be possible, on 
the complex relationships in living muscle. In the following, only anaerobic 
contraction is considered. 

In a resting muscle, pH about 7-2, containing adenylpyrophosphate, creatine- 
phosphate and glycogen, the stimulus arrives, initiating adenylpyrophosphate 
breakdown. Glycogen is phosphorylated; there is no competition with creatine 
at this stage, because no free creatine is present. Whether some adenylpyro- 
phosphate produces inorganic P at this time, we do not know. 

As soon as free adenylic acid is formed, reaction with creatinephosphate 
begins; results on pH changes [Lipmann & Meyerhof, 1930], volume changes 
[Meyerhof & Moéhle, 1936] and transparency changes [v. Muralt, 1934] in intact 
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muscle seem to show that no phosphopyruvic acid is present at this stage to 
compete with creatinephosphate in this phosphorylation. As the adenyl- 
pyrophosphate is reformed, some of its phosphate is transferred to glycogen. 
During this stage the reaction is slightly alkaline, and the rate of creatine- 
phosphate breakdown is less, the possible rate of its resynthesis greater, than at 
a lower pH; nevertheless, because the phosphorylation of glycogen, though 
comparatively slow, is irreversible, the formation of hexosephosphate and break- 
down of creatinephosphate go steadily forward. 

By some point of time after the stimulus, further breakdown of the hexosedi- 
phosphate will lead to a sufficient concentration of phosphopyruvic acid to be of 
importance in competition with the creatinephosphate, present now in low 
concentration. The pH now falls, owing to the formation of various acids, and the 
rate of creatinephosphate breakdown is thereby increased. As a high concen- 
tration of free creatine is now present, there will be competition between this 
and the glycogen for adenylpyrophosphate P. The net result, depending (a) on 
the greater rate of creatine esterification than of glycogen esterification, (b) on 
the reversibility of the former reaction and the irreversibility of the latter, will 
be a maintenance of creatinephosphate concentration at some low level and 
a steady transfer of phosphate to glycogen. Another reaction which probably 
becomes more important at this stage, owing to the low pH, is the formation 
of inorganic P from adenylpyrophosphate. 

To sum up: 

During the first stage, phosphate is passing in directions 4 and 5, and 
possibly 3. 

During the second stage, phosphate is passing in directions 2b, 4 and 
possibly 3. 

In the third stage, phosphate begins to pass in direction 1; it is also probably 
passing in direction 3, and in directions 2a and 26 at equal rates. 


SUMMARY 


1. When dialysed muscle extract is used as the enzyme system, phospho- 
pyruvic acid as the phosphate donator, adenylic acid as the phosphate carrier, 
with creatine and glycogen as competing acceptors, phosphorylation occurs 
almost entirely in favour of the creatine. This effect is obtained both at alkaline 
and acid reactions. 

2. Two enzyme systems seem to be concerned, as extracts can be obtained 
which will phosphorylate creatine and not glycogen. 

3. At high pH values the reaction between phosphopyruvic acid and 
adenylic acid is more rapid than that between creatinephosphate and adenylic 
acid; vice versa at low pH values. 

4. Evidence is given in favour of the view that glycogen can react both 
with inorganic phosphate and also directly, even in absence of adenylpyro- 
phosphatase, with adenylpyrophosphate. The former, if plentiful when both 
are present, is preferred. 

5. The esterification of inorganic phosphate can be increased by the presence 
of adenylic acid. 

6. Suggestions are made for the correlation of these results with happenings 
in vivo. 


One of us (H. L.) wishes to thank Sir F. G. Hopkins for his kind hospitality, 
and the Professional Committee of the British Fund for German Jewry for a 
maintenance grant. 
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DvurRInG past work on the excretion of vitamin C by human subjects I have 
repeatedly observed that the volume of urine excreted was significantly in- 
creased after the administration of a test dose of ascorbic acid. I have refrained 
from drawing attention to this finding in earlier publications, because of the 
fact that in these experiments the fluid intake, as well as the other factors which 
are known to influence diuresis, were not specially controlled. In the experiment 
described in the present paper the effect of administration of large doses of 
vitamin C (as ascorbic acid) on the volume of urinary excretion in human beings 
in different states of vitamin C nutrition has been determined under strictly 
controlled conditions. 


EXPERIMENTAL 


The following groups of children were examined: 10 active rheumatics, 10 
convalescent rheumatics and 10 controls. The latter were nearly all cases of 
congenital deformity. 

The urine of each patient was examined for its vitamin C content for a total 
period of 5 consecutive days. In the first 2 days the resting levels of excretion of 
vitamin C and of the “normal” volume of urine were determined. During the 
remaining 3 days a test dose (700 mg. of ascorbic acid per 10 stone of body weight) 
was administered daily, and the excretion of the vitamin in the urine, as well as 
the volume of urine, were again recorded. 

The specimens of urine were examined for their vitamin C content by the 
method of Harris & Ray [1935], the titrations being carried out as previously 
described [Abbasy et al., 1935]. The samples of urine were collected, with 
addition of acetic acid, in dark-coloured glass bottles, the night urine being 
analysed early in the morning and the day’s urine in the evening. 


Experimental conditions 


Throughout the experiment the children were kept on the normal institutional 
diet. This was a liberal one and contained an ample supply of fruit, sufficient to 
bring the daily intake of vitamin C well above the reputed “minimum optimum” 
standard (25 mg. per day per 10 stone body weight). The solid and fluid intakes 
of the children were kept carefully controlled and strictly constant for about 
5 days before the titrations were started, as well as during the time they were 
being carried out. 


RESULTS 


The results are shown in Fig. 1. As collection of urine started and ended for 
each day at 5 p.m., the test doses were administered to the children immediately 
after the last specimen of urine had been passed at 5 p.m. Thus the arrow, 
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indicating the commencement of the 3 days’ test dosing, coincides with the 
reading of the second day’s resting level. 

From these curves it is evident that there occurs a marked rise in the volume 
of the urine whenever a response to the test dose is obtained. This result is 


Fig. 1. Cases nos. 1-10 are positive controls; Nos. 11-20 are convalescent rheumatics; Nos. 21-30 
are active rheumatics; Nos. 31-35 are negative controls. The dotted and broken lines indicate 
the volume of urine per 24 hours before and after test dosing, respectively. The thin and thick 
lines indicate the excretion of vitamin C in urine per 24 hours before and after test dosing, 
respectively. The arrow indicates when test dosing was started (for 3 consecutive days). 
Scales for ordinates=mg. of ascorbic acid (left), ml. of urine (right) excreted per 24 hours. 


observed in all the subjects, rheumatics (both active and convalescent), as well as 
positive controls. (For the sake of comparison results with a group of negative 
control subjects, given no test doses of vitamin C, are also shown.) 


DISCUSSION 


As the solid and fluid intakes of each of these children are virtually constant 
during the long period of his stay in the hospital, and as they were kept strictly con- 
stant for at least 5 days before the test, it must be assumed that the consistent 
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rise in the volume of urine observed is due solely to the effect of administration 
of the test doses of ascorbic acid. 

This diuretic effect of ascorbic acid may be satisfactorily explained by the 
work of Fliederbaum & Tislowitz [1935] who found that in dogs ascorbic acid 
exerts “a polyphasic effect on the affinity of the blood for water”. These 
authors state that a single dose led to dilution of the blood, and repeated doses 
usually acted in the same way, but that there was no additive effect. In 
experimental adrenal insufficiency, they also found that a lowering of the osmotic 
pressure of the blood was prevented by the administration of ascorbic acid. 

In the controls (who were in a normal state of vitamin C nutrition, judging 
by the figures of their “resting levels” and by their response to test doses) the 
volume of urine, as well as the excretion of vitamin C in the urine, showed 
definite rises from the day on which the first test dose was given, and the rise in 
the volume of urine persisted during the whole of the 3 days while the test doses 
were continued, with little or no significant variation.1 It is repeatedly observed 
in these controls that the volume of urine on the third day of the test dosing is 
nearly the same as that on the previous day, or even slightly lower—perhaps 
owing to the fact that the children are using up their body fluids. 

In the case of the rheumatics (active and convalescent), the reserves of 
vitamin C are deficient. This is shown by their low resting levels and the fact 
that none of them responded to test doses before the third dose. In such cases it 
is observed that the volume of urine does not rise until the third day, when it 
rises sharply as soon as the response to the test dose is obtained. 

From this it seems that if the organism is furnished with large doses of 
vitamin C, the latter does not begin to show its diuretic effect until the body 
reserves of vitamin C are in a normal degree of saturation. This result is in 
complete accordance with the findings of Tislowitz [1936, 1], that in dogs some 


diuretic effect was generally observed on the first or second day and a marked 
effect on the third day: it must be borne in mind in this connexion that dogs do 
not need any external supply of vitamin C, being able to manufacture their own 
requirement inside their bodies. 


Therapeutic considerations 


Although the amount of diuresis recorded in these results may seem small at 
first sight, the following facts must be remembered: 

(1) The body fluids of the children were in a normal condition during the 
experiment, and there was no oedema to be rectified. 

(2) The diuresis in the case of the controls persisted for the 3 days while the 
test doses were being administered, and if the extra volumes of urine during these 
3 days are added together, it will be realized that the total effect is quite con- 
siderable. No doubt the same would have been true of the rheumatic children 
(active and convalescent) if the test dosing had been continued for more than 
the 3 days, i.e. after a state of relative saturation of vitamin C had been attained. 

Thus had any degree of oedema existed, there seems little doubt that the 
response would have been greater. 

Although it is not claimed that vitamin C can replace the well-known 
powerful diuretics, nevertheless its diuretic property may be of some use in 


1 Although every factor affecting the volume of urine excreted which could be readily con- 
trolled was so controlled, such influences as variations in the temperature of the atmosphere, in 
the humidity, the amount of sweating etc., which vary from day to day, were in operation, and 
moreover all the cases were not examined at one time. 
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cases where a slow and progressive dehydration of the body is desired. Especially 
it should be remembered that ascorbic acid is a very safe substance to administer, 
and so far as is known does not cause any damage to the kidneys, as many other 
diuretics may. Hypervitaminosis C is unknown, possibly because of the prompt 
excretion of excess of the vitamin by the kidneys. 

The possible antibactericidal or antitoxic properties of vitamin C [for 
references see Abbasy et al., 1936] may be an additional indication for its use in 
certain types of cases. 

If any ill effects due to the acid reaction of the ascorbic acid be feared, especi- 
ally when large doses are given and when its administration is to be continued 
over a long period, a suitable alkali (e.g. sodium bicarbonate) could be given 
simultaneously. It should be added however that so far from ascorbic acid 
having any power to produce acidosis, it has been proved by Tislowitz [1936, 2] 
that the administration of the vitamin to dogs causes a definite and persistent 
increase in the alkaline reserve. 

















SUMMARY 











A specific diuretic effect of vitamin C for human beings is reported. Its 
possible clinical application is considered and it is suggested that it may be of 
use where a mild diuretic, or a slow and progressive dehydration of the body, is 
to be desired. It may possess double value when infection is present in such 
cases. 
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THE data reported here were part of a clinical and metabolic study of Eskimos 
in 1935, during the Canadian Government Eastern Arctic Patrol on the R.M.S. 
Nascopie. They included Eskimos in Hudson Bay and Strait, the more northerly 
parts of Baffin Island and in Devon and Ellesmere Islands, as far north as 
76° 12’ latitude—828 nautical miles from the Pole. The clinical and other 
metabolic data were reported elsewhere [Rabinowitch, 1936; Rabinowitch & 
Smith, 1936]. This communication is concerned with blood lipoids only. 


METHODS OF INVESTIGATION 
Selection of subjects 


To determine the effects of the different dietary habits, the subjects were 
divided into two groups (see p. 345). 


Materials collected 


The data included samples of blood collected (a) at random and (6) after fat 
meals which consisted of 200 ml. of soya bean oil. 


Chemical analyses 


None of the tests was completed during the voyage. The work then was 
confined to collection of the blood samples and their necessary treatment to 
preserve the different constituents to be examined. All analyses were made on 
oxalated plasma. With few exceptions, all the samples were collected by one of 
the writers (I. M. R.)! and subjected to the same preliminary preparation. In 
each case, the blood was centrifuged as soon as possible after it had been 
obtained and a known amount of the separated plasma was immediately added, 
drop by drop, with constant shaking, to a flask which contained about 50 ml. of 
Bloor’s [1916] alcohol-ether mixture. The flask was then well stoppered and the 
mixture kept cold and in the dark during the entire voyage and then kept in 
the refrigerator of the laboratory until the analyses were made. Bloor [1916] 
has shown that such mixtures keep unchanged for a considerable period under 
these conditions. In some cases, owing to tide conditions, the bloods could not 
be centrifuged immediately, since all the laboratory work had to be done on the 

1 A portion of the material was collected by Dr C. C. Birchard in Hudson Strait and on the 
Quebec shores of Hudson Bay. 
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ship. However, unlike sodium chloride and other blood constituents, lipoids are 
not appreciably affected in their relative distribution by contact of cells with 
plasma of shed blood for a few hours only. 

Extraction process. The total contents of each flask, including the protein 
precipitate, were transferred to a 125 ml. Erlenmeyer flask. The original container 
and its stopper were then rinsed repeatedly with the above-mentioned alcohol- 
ether solution and the rinsings added to the extract to a total volume of 80 ml. 
Any small masses of precipitate were divided very finely with a glass rod. The 
extract so obtained was then filtered and the filtrate was diluted to 100 ml. with 
the alcohol-ether solution as suggested by Boyd [1936]. Proof that the losses 
with this method were negligible was found in repeated control experiments with 
other samples of plasma and other extraction procedures. 

Methods. All analyses were made by one of the writers (A. C. C.). Total fatty 
acids, total and free cholesterol and phospholipin were determined by Boyd’s 
[1931 ; 1933; 1935] modifications of the micro-oxidative methods of Bloor [1928; 
1929] and Yasuda [1931]. According to repeated recovery experiments, the 
errors of these procedures were found to be within the limits reported by their 
authors. 

Standards. Boyd [1933; 1934; 1935] has recorded three separate sets of 
normal values. Two of these [1933; 1934] were, however, obtained in women 
only. The last set [1935] includes both males and females and the figures were 
obtained with the above-mentioned methods. They are, therefore, comparable 
with our own and were used as standards (Table I). 


Table I. Concentrations of plasma lipoids in normal individuals 


(mg. per 100 ml.) 


Ester Phospho- 
Total Total Ester Free Phos- Cholesterol _lipins 








Total Neutral fatty chole- chole- chole- pho- Total Total 

lipoids fat acids sterol sterol sterol lipins cholesterol cholesterol 
Maximum 718 205 429 220 157 63 188 0-71 1-13 
Minimum 506 146 301 141 101 41 151 0-68 0-97 
Average mean 595 150 349 177 124 53 185 0-70 1-04 


DISCUSSION OF RESULTS 


In Table II are recorded the combined results obtained in 27 Eskimos. These 
show that, compared with the standard (Table I), the average concentration of 
total lipoids was low, in spite of the fact that the diets of 20 of these 27 Eskimos 
consisted essentially of protein and fat. The average concentrations of total free 
and ester cholesterol, of phospholipins and the average ratio of ester to total 
cholesterol were also lower than those found with similar methods amongst 
civilized peoples; and that the mean in each case is not accidental and the result 
of isolated low values, but a true indication of the mode, is shown from the 
number of individuals in whom low values were found. Thus, by comparing 
Tables I and II, it will be noted that 11 of the 27 values of total lipoids—an 
incidence of 41-1 %—were not only lower than the average, but lower than the 
minimum concentration found amongst peoples elsewhere. Values lower than 
the minimum standard were also found in 14 of the 27 total cholesterol deter- 
minations—an incidence of 51-8%; in 15 of the ester cholesterol values—an 
incidence of 55-5%; in 11 of the phospholipin values—an incidence of 41-1 % 
and in 15 of the ratios of ester to total cholesterol—an incidence of 555%. 
Higher average values were found in the case of neutral fat and the ratio of 

















BLOOD LIPOIDS OF ESKIMOS 


Table II. Showing concentrations of plasma lipoids in Canadian 
Eastern Arctic Eskimos 


mg. per 100 ml. 
(me Be — Ester Phospho- 


Total Total Ester Free Phos- Cholesterol _lipins 


Total Neutral fatty chole- chole- chole- pho- Total _—‘ Total 
lipoids fat acids sterol sterol sterol lipins cholesterol cholesterol 


Hudson 627 348 447 136 97 39 81 0-76 0-60 
Bay and 357 92 213 93 52 41 137 0-56 1-47 
Strait 491 271 340 122 74 48 47 0-63 0-40 

551 225 355 147 102 45 111 0-69 0-76 
548 168 336 153 111 42 152 0-72 0-99 
582 25 286 222 168 54 223 0-76 1-00 
393 106 233 116 74 42 121 0-62 1-05 
Baffin 503 58 271 164 127 37 196 0-77 1-13 
Island 554 187 343 149 92 57 156 0-62 1-05 
664 368 494 96 50 46 166 0-52 1-72 
718 207 431 209 149 60 202 0-71 0-97 
505 116 306 137 97 40 187 0-71 1-36 
437 165 287 100 71 29 124 0-71 1-24 
753 345 514 164 108 56 172 0-67 1-05 
593 112 349 158 104 54 235 0-66 1-42 
500 179 318 128 86 42 135 0-67 
765 270 495 179 122 56 234 0-69 
565 155 336 166 117 49 166 0-70 

9 463 186 305 109 69 40 122 0-63 

20 395 172 256 107 72 35 68 0-67 

21 558 199 350 152 103 49 138 0-66 

22 Devon 570 224 377 133 90 43 153 0-67 

23 Island 624 266 417 146 106 40 141 0-72 

24 703 204 465 116 69 47 337 0-58 

25 481 156 302 115 62 53 168 0-54 

26 470 65 252 158 113 45 171 0-71 

27 613 164 388 125 75 50 274 0-67 
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phospholipin to total cholesterol and that here also the mean was a true 
indication of the mode is shown by the fact that of the 27 determinations of 
neutral fat, concentrations greater than the maximum value of the standards 
were found in 9—an incidence of 33-3%, and of the ratios of phospholipins to 
total cholesterol, 1l—an incidence of 41-1%—were higher than the normal 
maximum of peoples elsewhere. 

In order to determine the effects, if any, of the dietary habits of these 
natives, the data, as stated, were divided into two groups, namely, (a) those 
obtained in Hudson Bay and Strait amongst natives who live, to an appreciable 
extent, upon mixed diets, and (6) those obtained in Baffin and Devon Islands 


Table III. Showing average concentrations of plasma lipoids in normal civilized 
peoples and in Canadian Eastern Arctic Eskimos on different diets 


mg. per 100 ml. 
(mg. pe ) Ester Phospho- 


Total Total Ester Free Phos- cholesterol _lipins _ 
Total Neutral fatty chole- chole- chole- pho- Total Total 

lipoids fat acids sterol sterol sterol lipins cholesterol cholesterol 
Standards* 150 349 177 124 53 185 0-70 1-04 

Eskimos: 

Whole group 555 186 351 141 98 46 164 0-67 1-21 
Mixed diet 507 176 316 141 97 44 124 0-68 0-90 
Meat-eaters 572 190 363 141 99 46 178 0-66 1-32 


* (Boyd, 1935]. 
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amongst natives whose diets, except for about 2 months in the year, consist of 
the natural foods of their environment (seal, whale, narwhal, walrus, etc.). A 
summary of this division of the data is recorded in Table III in which are also 
recorded, for comparative purposes, the average values found with the same 
technique amongst civilized peoples. It will be noted that the average concen- 
trations of total lipoids, neutral fat, total fatty acids and phospholipins and the 
average ratio of phospholipins to total cholesterol were higher amongst the 
meat-eaters than amongst those whose diets, in addition to meats, consisted also 
of appreciable quantities of carbohydrates (flour etc.). 















Effects of ingestion of fat 


In Table IV are recorded two experiments in which the concentrations of the 
different plasma lipoids were determined before and after administration of 
200 ml. soya bean oil. Both subjects were carefully examined and were found 







Table IV. Showing effects of ingestion of soya bean oil upon concentrations 
of plasma lipoids in Canadian Eastern Arctic Eskimos 










mg. per 100 ml. 
aati ) Ester §Phospho- 


Total Total Ester Free Phos- cholesterol _lipins 



















Total Neutral fatty chole- chole- chole- pho- Total Total — 
Time lipoids fat acids sterol sterol sterol lipins cholesterol cholesterol 
Subject A 
Basal 470 68 252 158 113 45 171 0-71 1-08 
1 hour after 397 53 206 149 103 41 131 0-71 0-89 
2 hours after — — 201 128 89 39 _— 0-69 _ 
3 hours after 444 131 263 126 76 50 146 0-61 1-15 
Subject B 
Basal 613 164 388 125 75 50 274 0-67 2-19 
1 hour after 822 428 597 133 76 57 210 0-57 1-57 
2 hours after -- ~- — — 
3 hours after 874 481 642 139 81 58 200 0-58 1-43 
















healthy. Both lived at Dundas Harbour, on Devon Island (lat. 74° 35’), and had 
had practically no carbohydrate food other than the glycogen of animals for 
about 10 months before the tests. In each case, the test was commenced in the 
fasting state and the concentrations of the different plasma lipoids were deter- 
mined before and again 1, 2 and 3 hours after administration of the oil. 

It will be noted that there was a definite increase of neutral fat and of the 
ratio of phospholipins to total cholesterol in both cases. Both also showed a 
reduction of the concentration of phospholipins and of the ratio of ester to total 
cholesterol. The fatty acids increased in both cases, but not to the same extent. 
The ester cholesterol increased in one case and decreased in the other. 

Interpretation of the above findings is difficult for a number of reasons. 
A survey of the literature shows wide variations of the different lipoid con- 
stituents of blood, both in fasting experiments and following ingestion of food, 
in animals and in man, and whether the analyses were made upon whole blood, 
red blood cells, plasma or serum. Correlation of these data is difficult because of 
the variety of technical methods with which they were obtained. With the same 
technique as used in our work, Boyd [1935] concluded that the concentrations of 
the different plasma lipoids were not consistently or markedly affected by intake 
of food. This, however, obviously applied to people on ordinary diets, with the 
ordinary mechanisms for the utilization of carbohydrate, fat and protein. That 
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the Eskimo differs from civilized peoples, at least with respect to tolerance of 
fat, is suggested from the findings of Tolstoi [1929] in two healthy men who 
lived for one year on lean and fat meats exclusively. In both of these subjects, 
these diets resulted in a definite increase of total fat and cholesterol; whereas, 
the average concentrations of these lipoids were not only lower than the standard 
in the group of Eskimos as a whole, but, also, lower in those natives whose diets 
consisted chiefly of meat (Table III). 

Also suggestive of an unusual mechanism for the utilization of fat is the 
absence of ketosis in these natives, whereas the urines of both of Tolstoi’s 
subjects contained acetone. The explanation of this absence of ketosis is not 
entirely clear. As shown previously [Rabinowitch & Smith, 1936], though the 
small amount of carbohydrates in the diets may be more than balanced by the 
potential sugar production from the large amount of protein to keep the ratio 
of fatty acid to glucose below the generally accepted level of ketogenesis, the 
respiratory quotient data suggest another mechanism also. That the Eskimo 
possesses a very active fat metabolism is suggested from some of the data. One 
of the theories of fat metabolism is that fat which has been ingested or mobilized 
from the fat stores is brought to the liver where it undergoes desaturation and 
transformation into highly unsaturated phospholipins and it is the latter which 
are carried to the tissues for oxidation. Assuming this theory to be correct, a 
very active fat metabolism is suggested from the high ratios of phospholipins 
to total cholesterol not only in the group as a whole (Table II) but also following 
ingestion of the soya bean oil (Table IV). 

The low cholesterol values are of interest, since they fit in with the high basal 
metabolic rates which were found amongst these natives [Rabinowitch & Smith, 
1936]. However, interpretation is difficult here also because of the many 
variables which had to be considered in the calculations of these rates. The 


chief purpose, therefore, of this communication is to record the facts for future 
use and better interpretation with accumulation of more knowledge of the 
metabolism of fat. 


Total protein content of plasma 


An interesting metabolic finding amongst these Eskimos was the high con- 
centrations of non-protein nitrogen in the bloods in the absence of albuminuria 
and evidence of disease of the kidneys clinically [Rabinowitch & Smith, 1936] 
and, apparently, due to the dietary habits of these natives. When food is plentiful, 
a healthy adult may eat 5 lb. or more of meat per day. It was, therefore, con- 
sidered of interest to include in this study analyses of total protein contents of 
the bloods. 

Method. It will be noted that the preliminary treatment of the blood 
samples and the subsequent extraction process for the lipoid analyses permitted 
determination of total protein concentrations in the same samples. The pro- 
cedure was as follows. The precipitates obtained in the final filtration during the 
extraction of the lipoids were washed repeatedly with boiling 2% acetic acid 
and allowed to dry. The nitrogen contents of the residues so obtained, includ- 
ing the filter-papers, were then determined by the standard macro-Kjeldahl 
technique. Separate analyses were then made of the nitrogen contents of the 
filter-papers used in this work and the values obtained were taken into con- 
sideration in the calculation of the data. Control studies with other samples 
of plasma showed that this method was practically as exact as determination 
of total protein content of plasma by the usual methods. 

Results. Of the 27 analyses, the total protein values ranged between 6-4 and 
8-0 % and no appreciable differences were noted between the meat-eaters and 
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those on mixed diets; the average concentrations of protein were 7-0 and 7-2 % 
respectively. Therefore, in the Eskimo at least, habitual ingestion of enormous 
amounts of meat does not appear to result in increased concentration of 
protein in the plasma. 

SUMMARY 

A study was made of the concentrations of the different lipoid constituents 
of the blood plasma in 27 Canadian Eastern Arctic Eskimos. 

The analyses included total lipoids, neutral fat, fatty acids, total, free and 
ester cholesterol and phospholipins. In two of the natives, the concentrations 
of these constituents were also determined before and after administration of 
200 ml. soya-bean oil. 

The combined data fit in with the respiratory quotients obtained from some of 
these Eskimos previously and suggest not only a very active but also an unusual 
mechanism for utilization of fats. The difficulties of interpreting these data are 
briefly discussed. 

In the Eskimo, at least, it would appear that habitual ingestion of enormous 
amounts of meat does not lead to increased concentration of protein in the 


plasma. 


The above studies were part of a general investigation of the health of 
Eskimos in Canada’s Eastern Arctic. Space does not permit mention of the 
many whose co-operation made this investigation possible. Due acknowledge- 
ment was, however, made in the report to the Dominion Government and in a 
previous communication [Rabinowitch, 1936]. 
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INVESTIGATION of the dissimilation of glucose by the propionic acid bacteria by 
Wood & Werkman [1936, 2] showed that previous schemes of dissimilation 
[Van Niel, 1928; Virtanen & Karstrém, 1931] do not fully meet the requirements 
of their data. Furthermore, the recent isolation of phosphoglyceric acid from 
the fermentation of glucose and hexosediphosphate by Stone & Werkman 
[1936, 1] necessitates reconsideration of previously proposed schemes of bacterial 
dissimilation. The present investigation is a continuation of the studies by 
Werkman and co-workers on the intermediate dissimilation of glucose by the 
propionic acid bacteria. Evidence is presented supporting the intermediary role 
of phosphoglyceric, pyruvic, lactic, acetic and succinic acids. Results are cor- 
related in a scheme of dissimilation and considered in relation to the role of 
phosphoglyceric acid and methylglyoxal. 


PHOSPHOGLYCERIC ACID 


The isolation of a three-carbon monophosphate from yeast fermentation by 
Nilsson [1929] stimulated research on intermediate compounds containing phos- 
phate groups. Extensive investigations on lactic acid formation in muscle by 
Embden e¢ al. [1933], and Meyerhof & Kiessling [1935, 1, 2] have shown that 
phosphoglyceric acid plays an important intermediary role in the dissimilation 
of glucose by muscle and yeast. 

Stone & Werkman [1936, 1, 2] have isolated phosphoglyceric acid from glucose 
dissimilation by the propionic acid and other bacteria in the presence of toluene 
and NaF, using a modification of the method described by Neuberg & Kobel 
[1933]. The Ba salt of phosphoglyceric acid was obtained from mixtures of 
glucose, hexosediphosphate and acetaldehyde, and from glucose and acetalde- 
hyde, without addition of hexosediphosphate. In the latter case it is assumed 
that hexosediphosphate was formed by phosphorylation of the glucose leading to 
the same reaction as when the hexose ester was added directly: 


Glucose + 2H,PO,+2CH,CHO -— 2 triosephosphate + 2CH,CHO — 2 phospho- 
glyceric acid + 2CH,CH,OH. 


This is the reaction proposed by Meyerhof for alcoholic fermentation during 
the so-called stationary phase: hexosediphosphate is necessary as a catalyst. In 
the presence of a suitable concentration of NaF, the phosphoglyceric acid is 
protected from further breakdown and collects as a final product. 

In the propionic fermentation, acetaldehyde has not been isolated and 
evidence indicates that it is not an intermediate product. Hence it may be 
1 Supported in part by Industrial Science Research Funds of Iowa State College. 
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objected that the production of phosphoglyceric acid by a reaction in which acet- 
aldehyde is reduced to ethyl alcohol is not valid for the propionic fermentation. 
However, it is probable that the acetaldehyde functions here merely as a hydrogen 
acceptor for oxidation of an intermediate triose ester. In this case other hydrogen 
acceptors should be able to function so long as they are activated. In fact we 
should expect some phosphoglyceric acid to be formed with no added acceptor 
present, by means of the reaction proposed by Meyerhof to take place in the 
first stage of alcoholic breakdown of sugar (equation (2)): 


Glucose + hexosediphosphate + 2H,PO, — 4 triosephosphate + 2 «-glycero- 
phosphate +2 phosphoglyceric acid. ...... (2) 


To determine the effect of various hydrogen acceptors, the following experi- 
ment was carried out, based on the method of preparation of phosphoglyceric 
acid from yeast by Vercellone & Neuberg [1935]. Bacterial cells were centrifuged 
from 3-day glucose-yeast extract broth cultures. In each of several small flasks 
were placed: 7 g. bacterial paste, 7 ml. 0-66. phosphate buffer (pH 6-8), 6 ml. 
20% glucose, 5 ml. 2:5°% Na hexosediphosphate, 1-5 ml. 0-2M NaF, 0-1 ml. 
1% MgCl,, 1 ml. toluene and 8 ml. hydrogen acceptor (or H,O in the case of the 
control). The hydrogen acceptors used were made up so that they were approxi- 
mately equivalent in dehydrogenating capacity: acetaldehyde 2%, prop- 
aldehyde 2-6 %, acetylmethylcarbinol 4%, Na lactate 5%, Na pyruvate 5%. 
These concentrations are based on the assumption that the aldehydes are 
reduced to alcohols, acetylmethylearbinol to butyleneglycol, lactic acid to 
propionic acid and pyruvic acid to lactic acid. The mixtures were incubated 
at 37° for 6 hours with frequent shaking. The flasks were then chilled and stored 
overnight at 5°. The cells were centrifuged from the solution and the inorganic 
phosphate removed by precipitation from ammoniacal solution with 4 ml. 20% 
Mg(OAc),. The resulting precipitate was removed by centrifuging and 4 ml. of 
glacial acetic acid and 1-6 ml. of 50% Ba(OAc), were added to the liquid. The 
solutions were filtered and the filtrates stored at 5°. After 6—24 hours, the Ba 
salt of phosphoglyceric acid began to crystallize out. The salt was purified by 
dissolving in 70 times its weight of 0-05N HCl and reprecipitating by adding 
twice the volume of alcohol; tiny white leaflets formed: [«]}°—13°. The results 
are shown in Table I. Both species of Propionibacterium yielded some phospho- 
glyceric acid in the controls, probably arising according to equation (2). With 


Table I. Effect of various hydrogen acceptors on yield of 
phosphoglyceric acid 
Yield of Ba phosphoglycerate in mg. 


Acetyl- 


Acetalde- Prop- methyl- Sodium Sodium 

Organism H,O hyde aldehyde carbinol pyruvate lactate 
P. arabinosum, 34 W 21 133 72 36 227 24 
P. pentosaceum, 49 W 17 169 79 22 452 17 


acetylmethylearbinol and lactic acid as acceptors the results are little better. 
Both acetaldehyde and propaldehyde give considerably increased yields, but 
Na pyruvate gives much higher quantities of phosphoglyceric acid. This is to 
be expected if pyruvic acid is an intermediary. With regard to lactic acid as 
a precursor of propionic acid (Fig. 1), it is probable that enough energy is not 
available in the somewhat artificial system to bring about the difficult reduction 
of lactic to propionic acid. 
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These results show clearly that acetaldehyde may be replaced by other 
suitable hydrogen acceptors, and that no added acceptor is necessary for the 
formation of smal] amounts of phosphoglyceric acid from glucose by the pro- 
pionic acid bacteria. 


Non-reducing 


once 
CyH 2% contami Phosphorylated >> CHOPO,H).CHOH.CHO 
—2H,0 Rensee Triose phosphate pe mete 


CH,(OPO,H,) .CHOH .COOH 


-Hs™* Phosphoglyceric acid 
SH, .C(OH),.COOH 
CH, .C{ CH,.CO.COOH 


id 
bi oc Pyruvic acid *+H,o 


hydrate 
°H CH,.CO.CHO 
Methyiglyoxal 


ao 


x 


CH,.COOH +CO, CH,.CHOH .COOH co, > synthesis of fermentable 
Lactic acid unknown compound 


Acetic acid 


+2H 


-H,O 


COOH.CH,.CH,.cCOoH ————> CH, .CH, COOH +CO; 
Propionic acid 


Suceinic acid 


Fig. 1. Scheme for the dissimilation of glucose by the propionic acid bacteria. 


The isolation of phosphoglyceric acid in the presence of toluene and NaF does 
not prove its intermediary nature. The presence of the NaF is considered neces- 
sary to prevent breakdown of phosphoglyceric acid. The toluene probably 
serves as a plasmolysing agent to aid in releasing cell enzymes. The following 
experiment was conducted to determine the necessity of NaF and toluene for 
the formation of phosphoglyceric acid. Suspensions of freshly centrifuged 
organisms were prepared as before. The same quantities of reactants were used, 
with the exception that NaF and toluene were added as shown in Table IT, and 
with acetaldehyde as the hydrogen acceptor throughout. Time, temperature 
and treatment were the same as in the previous experiment. The yields of Ba 
phosphoglycerate are shown in column 5, and the approximate phosphorus 
uptake, estimated from the Mg precipitate, is given in the last column. In 
the presence of toluene a yield of 101 mg. was obtained; substituting chloroform 
gave (flask 2) a slight increase. With toluene omitted (flasks, 3, 4 and 5) a 
considerable amount of phosphoglyceric acid is formed; however, the yield 


Table II. The effect of toluene and sodium fluoride on the yield of 
phosphoglyceric acid by P. arabinosum 


Ba phospho- Approx. P 
Toluene CHCL, NaF glycerate uptake 
ml. ml, 0-2 M ml. mg. mg. 
2-0 101 55 
2- 120 65 
35 45 
15 45 
6 45 
2 40 
* 


SOO WD 


* Phosphate uptake not determined. 
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is much less than in the presence of both toluene and fluoride. Flask 6 
shows that a small quantity of phosphoglyceric acid was obtained with 
toluene but without NaF. With neither toluene nor NaF there was no phospho- 
glyceric acid detected. It is noteworthy that the phosphorus uptake correlates 
roughly with the yield of phosphoglyceric acid, also that there is much more 
phosphate esterified, especially in flasks 3, 4, 5 and 6, than can be accounted for 
by the yield of intermediate product isolated. This phosphate is probably bound 
in a hexose or 3-carbon ester, presumably a precursor of phosphoglyceric acid. 
The isolation of phosphoglyceric acid has been accomplished under varied 
conditions. It has been shown that the formation of this intermediate ester 
using glucose plus hexosediphosphate as substrate involves phosphorylation and 
occurs both in the presence and absence of toluene. To give further evidence 
that phosphoglyceric acid is an intermediate, it must be shown to undergo 
breakdown to normal products of fermentation. The dissimilation of phospho- 
glyceric acid is being investigated and will be dealt with in a later paper. 
These results show clearly that this phosphate ester may be an intermediary 
in bacterial dissimilation. The extensive studies of Meyerhof and others have 
placed in doubt the importance of methylglyoxal in the breakdown of sugar 
by yeast and muscle. Although our investigations offer no information which 
excludes methylglyoxal as an intermediary in the propionic fermentation, proof 
is given that bacteria have enzymic equipment capable of forming phospho- 
glyceric acid. Accordingly application of the essentials of the Embden-Meyerhof 
scheme to the bacterial dissimilation of glucose should be given serious con- 
sideration. 






















PYRUVIC ACID 






Wood & Werkman [1934, 1] isolated pyruvic acid from the fermentation of 
glucose by sulphite fixation using P. arabinosum (34 W). They supported Van 
Niel’s suggestion of the hydration of pyruvic acid at the «-carbon with sub- 
sequent dehydrogenation and splitting into acetic acid and CO,. This reaction 
does not involve acetaldehyde as an intermediate (Fig. 1). The evidence sup- 
porting this conclusion has been extended by experiments using P. pentosaceum, 
49 W; P. peterssonii, 11 W; P. shermanii, 52 W and 48 W. The cultures were 
identified by Werkman & Brown [1933] and Wood & Werkman [1936, 1]. The 
experimental procedure was that described by Wood & Werkman [1934, 1]. 
The bacteria were grown in a medium consisting of yeast extract (Difco) 0-5%, 
glucose 2-0%, calcium carbonate 2-0% and calcium sulphite 1:0%. The 
cultures were incubated at 30° in cotton-stoppered 500 ml. flasks, containing 
300 ml. of medium. Analyses were made after 4-18 days’ incubation. Cultures 
34 W, 49 W and 11 W produced vigorous fermentations but 48 W and 52 W 
failed to grow. The last two cultures produced H,S which apparently inhibited 
growth. The medium was tested for aldehydes and ketones by treating an aliquot 
part with 2:4-dinitrophenylhydrazine dissolved in 2N HCl. An abundant 
yellow precipitate was obtained immediately in the cases of 34 W, 49 W and 11 W. 
It was completely soluble in 20% Na,CO, solution and after recrystallization 
from alcohol was identified as the 2:4-dinitrophenylhydrazone of pyruvic acid. 
Melting-points of the unknown and known dinitrophenylhydrazones were 
identical with a mixed melting-point, 213°. In no case was acetaldehyde 
detected. 

The pyruvic acid was determined quantitatively by the iodoform reaction 
[Wendel, 1932]. The free pyruvic acid was obtained by acidifying a portion of 
the medium with H,SO, to Congo red and extracting the solution continuously 
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for 48 hours with ether. Considerable quantities of pyruvic acid were formed; 
100 mMol. of fermented glucose gave 27-4 mMol. with 34 W, 52-5 mMol. with 
11 W and 28-5 mMol. with 49 W. More complete analyses of two fermentations 
are shown in Table III. The methods used in these and subsequent experiments 


Table III. Fixation of pyruvic acid in the dissimilation of glucose by 
culture 11 W 


Medium: glucose 3-0%, CaCO, 2-0%, CaSO, 0-75% at 30° 


Products per 100 mMol. of fermented glucose 





Yeast c 
extract Glucose Propionic Acetic Lactic Pyruvic 
(Difco) fermented acid acid acid acid 
& % mMol. mMol. mMol. mMol. 


0-5 56-5 66-1 23-3 14-4 59-4 
0-14 69-0 98-2 25-4 24-5 54:8 


are those described by Wood & Werkman [1936, 1, 2]. One modification was 
made in that the volatile acid distillate was redistilled to eliminate pyruvic acid. 
The results show that some acetic and propionic acids were formed in the 
presence of a fixative. It is probable that some free pyruvic acid occurs in 
presence: of the sulphite and is dissimilated. The significance of the lactic acid 
occurring in these fermentations will be discussed later. 

Semicarbazide also was used as a fixative. The medium consisted of glucose 
20%, yeast extract (Difco) 0-5%, CaCO, 1-5°% and semicarbazide hydro- 
chloride 0-1%. The semicarbazide was added after vigorous fermentation had 
started. The medium was tested for aldehydes and ketones with 2:4-dinitro- 
phenylhydrazine. The 2:4-dinitrophenylhydrazone of pyruvic acid was isolated 
and in no case were other aldehydes or ketones detected. Culture 49 W proved 
most adaptable to the method. Other cultures were sensitive to semicarbazide 
and, when more dilute solutions of the reagent were used to facilitate growth, no 
fixation was observed. 

These identifications substantiate the occurrence of pyruvic acid as an inter- 
mediate. The formation of pyruvic acid without subsequent production of 
acetaldehyde apparently results from the inability of the propionic acid bacteria 
to decarboxylate the acid. The fixed pyruvic acid is not broken down into 
acetic acid and CO, because it is not subject to hydration and subsequent 
dehydrogenation. Since the free acid is readily fermented by propionic acid 
bacteria and large quantities may be fixed in glucose dissimilation, all the 
evidence supports its occurrence as an intermediate. 

Support of the proposed mechanism of breakdown of pyruvic acid has been 
obtained from the results of its fermentation in the presence of dimedon (di- 
methyldihydroresorcinol). Dimedon is a specific reagent for aldehydes and if 
acetaldehyde is an intermediate it should be fixed. Fermentation of the calcium 
and sodium salts of pyruvic acid in the presence of dimedon showed no fixation. 
Apparently acetaldehyde is not an intermediate. 

Pyruvic acid has also been identified in the fermentation of a number of 
other substrates by sulphite fixation (lactic acid, glycerol and mannitol). 
Erb e¢ al. [1936] found that a large amount of pyruvic acid was produced in the 
aerobic dissimilation of lactic acid even in the absence of fixatives. 
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LACTIC ACID 


Foote et al. [1930] observed that two of their cultures of propionic acid 
bacteria (11 and 12) produced lactic acid from arabinose and xylose. Culture 11 
also produced this acid from glucose when NaOH was used for neutralization. 
Lactic acid was not produced from glucose, however, when calcium carbonate 
was used as the buffer. Fromageot & Tatum [1933] found lactic acid in starch 
fermentations of culture 12. Although lactic acid has been found as a product of 
fermentation, conditions resulting in its accumulation have not been determined. 
The investigations of Foote et al. might indicate that the pH and concentration 
of the sodium ion are influential. They made the medium alkaline to bromo- 
cresol purple and the pH was undoubtedly higher than with calcium carbonate. 
It seemed probable that with sodium bicarbonate buffer the production of lactic 
acid could be increased since the pH remains at-7-2 or above, even during active 
fermentation. On the other hand fermentations neutralized with NaOH become 
acid during intervals between neutralizations. 

Culture 49 W (transplant of culture 11 received from Dr E. B. Fred) and 
cultures 34 W and 48 W were tested (Table IV). The CO, was not determined in 






















Table IV. Dissimilation of glucose with NaHCO; as buffer 


Anaerobic, yeast extract (Difco) 0-5 % 









Products per Calcu- 
100 mMol. of fermented glucose lated 
Incuba- Glu- —————4/"™——_ CO~>"z per Ratio 
tion Incuba- cose NaHCO, Pro- Suc- Non- 100mMol. Ratio pro- 
tem- _ tion in in pionic Acetic cinic reducing offer- CO,/  pionic/ C 
Culture perature period medium medium acid acid acid materialt mented acetic acetic recovery 
no. 20. days % a, m.Mol, mMol. mMol. mMol. glucose acid acid % 
34W 37 14 2-5 2-0 130-8 33-7 9-1 78 60-7 1-80 3-88 1005 
34W* 30 12 2-0 15 121-1 50-2 5-2 — 57-7 1-15 2-42 _ 
49 W 37 8 18 18 129-8 43-3 7-6 3-8 60-9 1-14 3-00 98-6 
49 W 37 14 25 2-0 128-7 38-5 7-4 8-5 60-8 1-58 3-34 100-6 
49 W 30 10 1-6 15 117-2 43-9 8-6 — 545 1-24 2-68 = 
48 W 30 19 1-6 15 101-0 39-2 7-0 16-4 47-0 1-20 2-58 92-4 














* 97-2 % of the glucose fermented; utilization complete in other experiments. + Calculated as glucose. 








these fermentations but has been calculated on the basis of the oxidation- 
reduction balance. The CO, is calculated from the equation, 2CO,+ succinic 
acid = propionic acid, which expresses the oxidation-reduction balance of the 
fermentation. The compounds on the left side of the equation are oxidized with 
respect to glucose, those on the right reduced. The quantity of each is expressed 
in mMol. and multiplied by its respective oxidation or reduction value. The 
oxidation or reduction value of a compound is the difference between the sum of 
the hydrogen and oxygen atoms when the hydrogen atom is assigned a value of 
one-half and the oxygen atom 1. Compounds formed in the fermentation and not 
occurring in the equation are neutral. In this calculation it is assumed that CO, 
is the only undetermined product. This assumption is checked by calculating 
carbon balances using the calculated CO, value. If the carbon balance is acceptable 
it is evidence that the calculated CO, is the true value. The carbon recovery 
shown in Table IV is satisfactory, indicating correctness of the calculated values 
of CO,. 

The fermentations were also analysed at intervals throughout the dis- 
similation but in no case was there a significant formation of lactic acid. Although 
we have not succeeded in obtaining lactic acid by this method the acid has been 
observed. Culture 11 W has been found to produce lactic acid consistently in 
media containing a low concentration of yeast extract (0-1-0-2%). With higher 
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Table V. Dissimilation of glucose by culture 11 W 
30°, 3-0 % glucose, 2-0 % CaCO, 


Products per 100 mMol. fermented glucose Calculated 
Period OO. CO, per 
of in- Pro- Suc- Non- 100 mMol. of 
Nitrogen cuba- Glucose pionic Acetic Lactic  cinic reducing fermented 


Cc 


source tion Oxygen fermented acid acid acid acid materialt glucose recovery 


% days _ tension % mMol. mMol. mMol. mMol. mMol. mMol. 


1-0 yeast water* 12 = Anaerobic 98-0 76-4 16-8 43-7 51 14-4 35-6 
Ol yeast extract 28 Aerobict 722 743 272 534 100 — 32-1 


9 


oO 


89- 
10-0 yeast water* 12 Anaerobic 100-0 1149 54-0 15 11-8 7-1 51-6 99- 
O5- 


0-2 yeast extract 51 = Aerobict 63-0 12-2 4-6 126-0 38 32-3 4-2 1 


* Water extract of an equivalent quantity of dry commercial yeast. 
+ Flask stoppered with cotton plug. t Calculated as glucose. 


concentrations occurrence of lactic acid is not consistent (Table V). A number 
of other cultures (49 W, 52 W, 34 W, P. shermanii, 3 W; P. freudenreichii, 1 W; 
P. rubrum, 38 W) have been tested under similar conditions but in no case has 
lactic acid been observed. Particular care was taken to establish the purity of 
culture 11 W. Isolations were made from cultures in which lactic acid occurred. 
Colonies picked were found to be identical; all were catalase-positive and yielded 
fermentations similar to those of the original culture. 

The fermentations are also of interest because of the rather large quantity 
of non-reducing material. This is determined by measuring the increase in 
reduction of Fehling’s solution after acid hydrolysis as described by Wood & 
Werkman [1934, 3]. 

Lactic acid has also been observed when a mixture of magnesium oxide and 
phosphoric acid was used as a buffer. The preparation was made by mixing the 
indicated proportions of acid and oxide in distilled water with bromothymol blue 
as an indicator and autoclaving at 20 Ib. for half an hour. Following sterilization, 
the pH of the supernatant liquid was 6-5-7-0 while the precipitated phosphate 
was alkaline to the indicator. 

Lactic acid has not been observed consistently in cultures buffered with 
the magnesium phosphate mixture. Even with the same culture and medium 
the lactic acid varies from quantities such as are shown in Table VI to small or 


Table VI. Propionic acid fermentations with MgO and H;PO, buffer 


30°, 3-0 % substrate, 0-5 % yeast extract (Difco) 
Products per litre of medium 
Incu- Volume of Buffer mixture 


bation medium ~——*~———,, Propionic Acetic Lactic Succinic 
Culture _— period Oxygen fermented H,;PO, MgO acid acid acid acid 


no. days tension Substrate ml. ml.4M sg. mMol. mMol. mMol. m 


34W 10 Anaerobic Glucose 500 35 10 69-6 18-7 
49 W 17 Aerobic* Glucose 800 38 8 124-3 15-7 
34 W 40 Aerobic* Glycerol 800 62 15 214-2 5-4 


* Flask stoppered with cotton plug. 


negligible amounts. The cause of this variation is not known. The pH changes 
are very similar to those in fermentations containing calcium carbonate, starting 
at approximately 7-0 and dropping to about 5-0 at the conclusion of the fer- 
mentation. 

These results show, however, that lactic acid occurs in the propionic acid 
fermentation of glucose. Since this acid is readily fermented by all species of 
propionic acid bacteria it is logical to assume that it functions as an intermediate. 


Mol. 
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ACETIC AND SUCCINIC ACIDS 










Stone et al. [1936, 1, 2] showed that acetic acid is activated by propionic acid 
bacteria and supported Wood & Werkman’s [1936, 2] suggestion that succinic 
acid is formed by synthesis from acetic acid and is subsequently attacked. 
The latter authors showed that quantitative data were adaptable to a scheme 
involving these proposals but indicated that schemes based solely on quan- 
titative data were not conclusive. In order to show that a compound may be 
an intermediary in a fermentation, it is necessary to isolate the compound and 
demonstrate that it is fermented as rapidly as its precursor. A direct proof of 
the fermentability of succinic and acetic acids under the conditions under which 
they are proposed to act as intermediates, i.e. in the fermentation of glucose, 
was undertaken. Propionic acid fermentations were analysed throughout the 
course of dissimilation to determine the quantities of propionic, acetic and 
succinic acids. The results are shown in Table VII. In Exps. 1 and 2 there was 
















Table VII. Dissimilation of glucose 








30°, 3-0% glucose, 0-4% yeast extract (Difco), 1-4% CaCOs, 6 litres of medium, anaerobic 
under nitrogen 





Products per litre medium 


















Glucose 
Incubation Glucose fermented Propionic Acetic Succinic Ratio: 
period fermented per litre acid acid acid propionic/ 
days % mMol. mMol. mMol. mMol. acetic 
Culture 49 W, Exp. 1 
3 26-2 46-3 48-6 16-2 1:7 3-00 
5 _— —_ 91-6 21-8 18-3 4-20 
7 85-5 151-1 127-8 31-0 50-4 4-12 
9 95-2 168-3 161-0 28-7 68-7 5-61 
14 97-4 172-0 183-2 34:3 60-5 5-34 
32 99-5 175-8 194-0 39-7 57-5 4-98 
Culture 34 W, Exp. 2 
5 30-3 49-4 49-1 17-2 41 2-85 
7 45-9 74:7 78-4 26-2 5-0 3-00 
9 51-4 90-3 101-7 27-1 9-5 3-76 
12 64-7 105-2 123-5 27-1 6-9 4-56 
15 70-6 114-9 140-4 26-8 73 5-25 
19 76-0 123-5 164-3 23-5 5-6 7:00 
22 79-6 129-4 176-7 20-3 3-7 8-71 
Culture 34 W, Exp. 3 
3 16-4 29-2 36-1 14-1 0-3 2-56 
5 23-2 41-4 57-7 23-4 0-4 2-47 
9 47-9 85-3 91-6 37-1 0-4 2-47 
14 63-0 112-1 121-1 48-1 5-6 2-52 
32 97-8 174-2 188-0 80-5 14-3 2-34 


an initial increase in succinic acid which was followed by a decrease. Likewise 
in Exp. 2 there was an increase and decrease in the acetic acid. These results 
show that there was a dissimilation of the succinic and acetic acids. The quantity 
of acetic and succinic acids fermented may of course have been much larger 
than that shown. A decrease will be observed only when the compounds are 
dissimilated more rapidly than they are formed from the glucose, a condition 
which occurred only in the latter part of the fermentation. The fact that acetic 
acid was utilized throughout the fermentation is indicated by the increase in the 
ratio of propionic acid to acetic acid. If glucose were dissimilated to propionic 
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acid, acetic acid and CO, with no subsequent conversion of these products, the 
ratio of propionic acid to acetic acid should remain 2:1 and that of CO, to acetic 
acid 1:1 as shown in equation (3): 


3C,H,,0, ~ 4CH,CH,COOH + 2CH,COOH + 2CO, + 2H,0. 


Some propionic acid fermentations yield these ratios as several investigators 
have observed. In our experience this is more nearly the case with sodium 
bicarbonate as a buffer (Table IV). Wood & Werkman [1934, 3] found the ratio 
with sodium bicarbonate to be practically constant throughout the fermentation. 
With calcium carbonate as a buffer the ratio varies widely as does the yield of 
succinic acid. Wood & Werkman [1936, 2] found the ratio of propionic to acetic 
acid to vary from 2-13 to 14-72, that of CO, to acetic acid from 0-92 to 6-29 and 
the amount of succinic acid from 7-9 to 26-1 mMol. per 100 mMol. fermented 
glucose. It is suggested that this variation occurs because of the more rapid 
dissimilation of succinic and acetic acids at the low pH which occurs when cal- 
cium carbonate is the buffer. At the higher pH of sodium bicarbonate these 
acids apparently are more stable. 

The low initial ratios of propionic to acetic acid (Table VII, Exps. 1 and 2) 
indicate that the first breakdown of glucose occurs according to equation (3) 
with little subsequent conversion of acetic acid. As the acidity increases it seems 
probable that an increased dissimilation of acetic acid occurs which causes the 
observed increase in the ratio of propionic to acetic acid. In the fermentation 
with 34 W, Exp. 2, the succinic acid probably was dissimilated almost as rapidly 
as formed, whilst with 49 W the dissimilation was less vigorous and the succinic 
acid accumulated. 

Exp. 3, Table VII, shows the results of a fermentation in which there was 
little utilization of acetic acid. The ratio of propionic to acetic acid was practically 
constant at 2-5 and the acetic acid increased throughout the dissimilation. 
Exps. 2 and 3 illustrate the diverse dissimilations which may occur with the 
same culture under similar conditions. Comparison of the two experiments gives 
an indication of the quantity of acetic acid which may have been utilized. 

It should be mentioned that calculation of CO, from the oxidation-reduction 
balance shows that a considerable quantity of glucose is unaccounted for in the 
products. The non-reducing material was not usually determined but it did not 
account for the remainder of the glucose. Apparently some compound seldom 
encountered in propionic acid fermentation was produced. Foote et al. [1930] 
likewise observed the formation of an unidentified compound. 

In summary, the data presented in Table VII indicate that the propionic 
acid bacteria are able to dissimilate acetic and succinic acids under anaerobic 
conditions during the fermentation of glucose. Positive proof that the acetic 
acid is converted into succinic acid is not yet available; however, all present 
evidence supports this suggestion. The evidence that succinic acid is dissimilated 
by direct decarboxylation as proposed in Fig. 1 will be presented in a separate 
report. 


Discussion 


The scheme shown in Fig. 1 embodies our present knowledge of the propionic 
acid fermentation, but it is not to be considered a rigidly proven mechanism. 
There is supporting evidence for each reaction proposed; however, other con- 
versions may be involved and the mechanism of dissimillation of the intermediate 
compounds may vary with conditions. The evidence supporting the scheme is 
the result of a number of investigations. Virtanen [1925] and Stone & Werkman 
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[cf. Werkman, 1936] showed that the propionic acid bacteria phosphorylate 
glucose, and Virtanen & Karstrém [1931] isolated a hexosemonophosphate. No 
one as yet has isolated either a hexosediphosphate or triosephosphate from this 
fermentation but present day evidence is in support of their occurrence. Pett & 
Wynne [1933] found that hexosediphosphate was converted into methylglyoxal, 
and Neuberg & Gorr [1925] demonstrated that methylglyoxal is converted into 
lactic acid by propionic acid bacteria. Wood & Werkman [1936, 2] showed that 
the scheme is adaptable to the quantitative variations of the end-products. The 
evidence supporting the occurrence of phosphoglyceric, pyruvic, lactic, acetic 
and succinic acids has been considered above. The utilization of CO, by the 
propionic acid bacteria was demonstrated by Wood & Werkman [1936, 1] in the 
fermentation of glycerol and the occurrence of this conversion in glucose dis- 
similation is suggested by these authors [1936, 2]. If the formation of succinic 
acid by condensation of acetic acid is accepted, it is necessary to assume a 
utilization of CO, to account for its low yields. As yet little evidence is available 
relative to the mechanism of CO, utilization. Wood & Werkman [1935] isolated 
formaldehyde from the dissimilation of glucose and suggested that it might 
originate by the reduction of COQ,. 

The nature of the non-reducing material is not known, but its origin from 
a 3-carbon compound was suggested since it has been observed in fermentations 
of glycerol and lactic acid. 

Two mechanisms are discussed for the formation of pyruvic acid: one through 
phosphoglyceric acid and the other through methylglyoxal. Present information 
indicates that both may function in the fermentation and each must be con- 
sidered until excluded by further evidence. The isolation of phosphoglyceric 
acid produced by propionic acid bacteria indicates the strong probability that 
it occurs as an intermediate. Further investigations of the roles of methyl- 
glyoxal and phosphoglyceric acid are being made. 

Wood & Werkman [1934, 2] isolated propaldehyde from the fermentation of 
glycerol with culture 34 W and suggested that this compound was a precursor 
of propionic acid. The occurrence of propaldehyde in the glycerol fermentation 
has been established now with cultures 34 W, 49 W, 11 W and 48 W. The 
aldehyde occurs in significant quantities; for example with 34 W 15-5 mMol. of 
propaldehyde were formed per litre of medium. The formation of propaldehyde 
by the phosphoglyceric acid mechanism is not easily accounted for and Wood & 
Werkman [1936, 1] suggested that propionic acid might originate from glycerol 
with methylglyoxal and propaldehyde as intermediates. In the fermentation of 
glucose by the same methods we have failed in every attempt to fix propaldehyde. 
It seems unlikely that propaldehyde is an intermediate in the fermentation of 
glucose and from this viewpoint there is no evidence of the occurrence of methyl- 
glyoxal in glucose dissimilations. 

The fermentations shown in Table III were set up particularly to detect 
intermediary compounds involved in the formation of lactic acid. Methyl- 
glyoxal and «-hydroxypropaldehyde are possible intermediates as well as 
pyruvic acid. It has frequently been suggested that lactic acid is formed by 
rearrangement of methylglyoxal hydrate. The occurrence of lactic acid indicates 
that conditions might be suitable for fixation of methylglyoxal. Pyruvie acid 
alone was detected and evidence was not obtained by this method of the occur- 


rence of the glyoxal. 
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SUMMARY 


Evidence is presented supporting the intermediate nature of phospho- 
glyceric, pyruvic, lactic, acetic, and succinic acids in the fermentation of glucose 
by the propionic acid bacteria. A scheme of fermentation is presented in which 
the pyruvic acid is oxidized to acetic acid and CO, and reduced through lactic 
acid to propionic acid. Succinic acid is synthesized from acetic acid and then 
dissimilated to propionic acid and CO,. CO, is synthesized to an unknown 
fermentable compound. Phosphoglyceric acid has been isolated from the pro- 
pionic acid fermentation. 
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EXPERIMENTS recently reported led to the conclusion that serum albumin, even 
when obtained in the crystalline condition, contains considerable amounts of 
another protein which is removable only with difficulty [Hewitt, 1936]. It 
would thus appear that material regarded as being reasonably pure and used 
as the starting point of many investigations was a mixture of different proteins. 

A clear-cut separation of the albumin fraction of horse serum into two 
distinct fractions of widely different chemical and physical properties was 
described in the former paper. One of the fractions was crystalline serum 
albumin in a purer state than that usually attained and was virtually free from 
polysaccharide. Since the total albumin fraction of serum contains considerable 
amounts of polysaccharide it is not surprising that the second fraction isolated 
contained a glycoprotein, the identity of which was not established. 

In view of the possible importance of these observations the experiments 
now described were carried out in order to obtain further evidence in support 
of the conclusions reached and to collect more information about the glyco- 
protein present in the second fraction of serum albumin. 





















NOMENCLATURE 


Lack of a clearly defined nomenclature leads to difficulties in discussing these proteins. The 
term albumin, derived originally from egg white, has been applied to any protein material but its 
use is now generally restricted to proteins soluble in 50% but insoluble in 100% saturated 
ammonium sulphate solution. There is, however, no name available except albumin to apply to 
the crystallizable carbohydrate-free protein present in the albumin fraction of serum. The de- 
scription crystalline serum albumin, besides being cumbrous is not necessarily accurate since the 
protein can be precipitated in a non-crystalline condition and it is indeed generally encountered 
in solution. It would appear therefore that there is need for a new word to describe this protein. 
The name should suggest the crystallizability of the protein and its occurrence in the albumin 
fraction. It is suggested that crystalbumin might be appropriate, and for convenience this term 
will be used throughout this paper. 

In a later section the identity of the second protein present in the albumin fraction is dis- 
cussed but in the earlier sections it is referred to in general terms as a glycoprotein. 





















EXPERIMENTAL 


The general methods used were similar to those previously described [Hewitt, 
1936]. Horse plasma was the source of the proteins employed. Protein deter- 
minations were carried out by the micro-Kjeldahl method and in view of the 
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varying N contents of different fractions a conversion factor of 7-0, corresponding 
to a protein-N content of 14-3%, was used throughout. 

Carbohydrate determinations were based on the methods of Tillmans & 
Philippi [1929] and Sorensen & Haugaard [1933] with modifications that were 
found to be improvements. The reagents used were 60 % (by volume) H,SO, and 
1-6% orcinol in 30% H,SO,; and a solution of equal parts of galactose and 
mannose was used for comparison. 1 ml. of solution, corresponding to 0-02- 
0-2 mg. of carbohydrate, was heated with 2-5 ml. of 1-6 % orcinol solution and 
15 ml. of 60% H,SO, in a 7 x 1 in. boiling-tube in a water-bath at 80° for 20 min. 
At the end of this time the tube was plunged into cold water. Colorimetric 
comparison was carried out by measuring the extinction coefficients of 20 mm. 
layers in a Stufen-photometer using the blue (470 my) and the green (530 my) 
filters. It is necessary to take certain precautions to obtain reproducible results. 
A curve must be constructed relating the extinction coefficients to the carbo- 
hydrate content, and the solutions must be shielded from light in order to avoid 
photochemical changes. The use of ‘‘ blank” corrections by heating the protein 
and sulphuric acid alone cannot be justified, since humin formation proceeds 
differently in the presence and absence of orcinol. On the basis of the work of 
Frankel & Jellinek [1927], Levene & Mori [1929], Rimington [1929; 1931], 
Sorensen & Haugaard [1933] and Bierry [1934] it is assumed that the poly- 
saccharide present in the proteins is galactose-mannose-glucosamine (g.m.g.) 
and the calculations are based on this assumption. 

Since the work previously reported five batches of albumin, each obtained 
from 25 litres of horse plasma, have been fractionated. Details are umitted in 
order to save space but it may be stated that the previous results have been 
confirmed. 

By repeated recrystallization crystalbumin is obtained containing only 
traces of carbohydrate (less than 0-1% in the twelve times recrystallized 
specimens). The crystalbumin fractions are sharply differentiated from the 
glycoprotein fractions which contain upwards of 4% of polysaccharide. It now 
remained to obtain the glycoprotein as pure as the nature of the material would 
allow, and a series of fractionations with this object in view was started, the 
polysaccharide content being taken as the main index to the course of the 
fractionation. It is more difficult, in general, to purify the more soluble con- 
stituent of a mixture than the less soluble and the tenacity with which the 
fractions appeared to adhere made their separation more difficult than is usual 
even with proteins. 
Fractionation methods 

Fraction S had the highest polysaccharide content (9-5%) of the fractions 
mentioned above, and it may be stated at once that it was found difficult to 
raise the polysaccharide content of any fraction much above this figure. This 
fraction had remained in solution after removal of the crystalline fraction and 
was reprecipitated with 3 saturated (NH,),SO,. It is not necessary to detail the 
many fractionations which failed to yield a fraction of appreciably higher 
polysaccharide content than S, but mention may be made of the highest content 
reached in any salting-out refractionation process. The original protein (B) had 
7-3% polysaccharide and precipitation with 3 saturated (NH,),SO, separated 
it into one fraction (63 mg.) containing 10 % polysaccharide and a second fraction 
(107 mg.) containing only 5-7% of g.m.g. No fractionations with (NH,).SO, 
were successful in raising the polysaccharide content above 10%. 

Fractionation with organic solvents. The glycoprotein was precipitated fairly 
readily by ethyl alcohol and this suggested a possible method of effecting 
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fractionation. Chilled protein solution was added to an equal volume of chilled 
alcohol. The precipitate was centrifuged, redissolved in water and reprecipitated 
with alcohol. In this way the polysaccharide content of the fraction (H) was 
raised from 8-5 to 9-6%. Attempts to obtain a more considerable separation of 
fractions were unsuccessful. Precipitation with methyl alcohol and acetone 
failed to provide a satisfactory method of fractionation. 

Alum precipitation. Albumin is precipitable by potassium alum and attempts 
were made to utilize this fact in a fractionation process. 1-5 ml. of 5% potassium 
alum were added to 9 ml. of 0-4% protein solution (fraction H) and maximum 
precipitation was obtained by adding 3-3 ml. of 0-1N NaOH. The precipitated 
protein contained 8-6 % of polysaccharide and the unprecipitated protein 7-1%. 
When the precipitation zone was approached from the alkaline side, by adding 
the alkali to the protein before the alum solution, the fractionation was un- 
successful, the precipitated and unprecipitated proteins having closely similar 
polysaccharide contents. 

Trichloroacetic and tungstic acids. A fairly high concentration of trichloro- 
acetic acid is necessary to precipitate the glycoprotein from dilute solutions, but 
in 1% protein solutions the addition of 2-2 % trichloroacetic acid did not give 
any consistent fractionation. The use of tungstic acid was equally unsuccessful. 

Heat-coagulation. It was reported in the previous communication that whilst 
crystalbumin coagulates quickly on heating at the isoelectric point at about 60°, 
the glycoprotein fractions, on the other hand, coagulate only with difficulty 
and at temperatures above 80°.. Attempts to separate the fractions by heating 
at an intermediate temperature were unsuccessful, the coagulable protein 
carrying down with it the glycoprotein. The heat-coagulation phenomena in the 
glycoprotein fractions have now been studied under a variety of experimental 
conditions. Solutions of the glycoprotein fractions B and H containing approxi- 
mately 1°% of protein were adjusted to pH 4-8 and heated in a boiling water- 
bath. As only very slight coagulation was observed, dilute alkali and acid were 
added to the hot solution and a considerable coagulation occurred. In neither 
case were the polysaccharide contents of the precipitated and unprecipitated 
proteins appreciably different. In another experiment the experimental con- 
ditions were the same but a protein solution of less than 0-1°% was employed. 
In this case the polysaccharide content of the uncoagulated protein reached 
nearly 11-5%. 

The conditions for obtaining satisfactory coagulation were now studied. 
Fraction S was diluted with physiological saline until it contained about 0-15 % 
of protein. 10 ml. portions were transferred to eight tubes and each was adjusted 
to a different pH by addition of dilute acid or alkali. No buffer salts were used 
owing to the confusing effects of different buffer solutions [Hewitt, 1929]. The 
pH values varied from 4-0 to 8-1. The tubes were immersed in a boiling water- 
bath for 10 min. but only one of the tubes showed any coagulation and this was 
very slight. The sample in which coagulation had occurred had been adjusted to 
pH 4-6 before heating and was at pH 5-0 after heating. The other tubes showed 
varying degrees of opalescence, this being greatest in those tubes adjacent to 
pH 4-8 and least in those furthest removed from this pH. The samples were 
cooled and each was adjusted to pH 4-7 or 4-8. No precipitation occurred and 
the tubes were immersed in a boiling water-bath for a second time for 5 min. 
Coagulation now occurred in varying degree in every tube except the one 
previously heated at pH 4-0, which merely developed a slight opalescence. The 
amount of precipitation was greatest in the tube originally heated at pH 6-1 
and least in the tubes furthest removed from this pH. The polysaccharide con- 
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tents of the proteins remaining uncoagulated were determined and the results 
of the experiment are summarized in Table I. 


Table I. Effect of heating glycoprotein solutions containing 1-38 mq. of 
protein per I ml., first at different pH levels and then at pH 4-8 


Protein Polysaccharide 
coagulated content of 

pH of Opalescence after second uncoagulated 

Sample first after first heating protein 
no. heating heating mg./ml. % 
1 0-03 9-3 
2 0-12 10-2 
0-45 11-7 
0-48 10-8 
0-39 11-4 
0-09 10-1 
0-05 9-8 
0 9-3 
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It will be seen that the highest polysaccharide contents (about 11%) are 
reached in the samples originally heated at pH values between 5-8 and 6-6, and 
the lowest polysaccharide contents in the samples heated at pH values furthest 
removed from this range. The proteins remaining uncoagulated in samples 3, 4 
and 5 are, judging from their high polysaccharide content, as nearly pure 
specimens of the glycoprotein as any so far obtained and repetition with other 
samples of glycoprotein gave similar results, but there are several further points 
of interest in the experiment. 

In order to obtain maximum coagulation in these glycoprotein solutions it 
was necessary to heat at two different pH levels, both quite definitely fixed. 


The coagulable protein and the non-coagulable glycoprotein seem to be combined 
to some extent and the first heating (at pH 6-0) is necessary to effect dissociation 
of the complex, whilst the second heating (at pH 4-8) coagulates the protein 
dissociated during the first heating. In more concentrated solutions dissociation 
of the complex does not occur and the glycoprotein is carried down in the 
coagulum, as described previously. 


Cystine determinations 


The cystine contents of the fractions have proved of great value in con- 
sidering their identity. The method used for determining cystine was based on 
Tompsett’s [1931] useful modification of Folin & Marenzi’s [1929] method and 
can be applied to quantities of protein as small as 50 mg. From 10 to 20 ml. of 
pure concentrated HCl are placed in a 100 ml. Kjeldahl flask and heated to 
boiling point. The protein solution (1-5 ml. containing 40-120 mg. of protein) 
is pipetted directly into the boiling acid. The flask is heated on an electric 
sand-bath, the contents being kept just boiling for 18 hours. The hydrolysate is 
then evaporated to dryness in vacuo, the residue is dissolved in water and the 
volume is made up to 25 ml. in a graduated flask. Humin is filtered off and an 
aliquot part of the filtrate is taken for analysis. In the present experiments 
1-6 ml. of filtrate were used for each determination, the final volume of the 
colorimetric solutions being 25 ml., and 0-2-0-5 mg. of cystine was used for 
comparison. To each flask 0-8 ml. of 20% Na,SO, was added and after 2 min. 
5 ml. of 8% NaHCO, and then 2 ml. of the uric acid reagent (free from phenol 
reagent) of Folin & Marenzi [1929]. The colour develops rapidly and after 
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10 min. the extinction coefficients of the solutions are measured in a Stufen- 
photometer, 20 mm. layers of solution being used. When the red filter S 72 
(approximate wave-length 720 my) is used the extinction coefficients bear an 
almost linear relationship to the amount of cystine used for analysis. The 
brown colour of the glycoprotein hydrolysates tends to make ordinary colori- 
metric comparison of the blue colour developed very difficult, as will be seen 
from Table II which gives the extinction coefficients of the colorimetric solutions 
used during the analysis of the hydrolysates of a glycoprotein (S) and of a 
crystalbumin. The figures given by 0-4 mg. of cystine are included for com- 
parison. 


Table II. Extinction coefficients (2 k.) of 20 mm. layers of solutions used 
for cystine determinations 





Filter Colour 0-4 mg. cystine Glycoprotein Crystalbumin 
$43 Blue 0-16 0-22 0-23 

847 Blue 0-19 0-22 0-29 

S50 Green 0-25 0-24 0-36 

8 53 Green 0-36 0-35 0-53 

8 57 Yellow 0-51 0-44 0-72 

S61 Red 0-66 0-55 0-93 

S872 Red 1-08 0-83 1-40 

8S 75 Red 1-10 0-84 1-4 








In the case of the glycoprotein, comparison of the coefficients for the red 
filter S 72 gives a cystine equivalent of 0-31 mg. but using blue light (filter S 43) 
a figure of 0-55 mg. is obtained owing to the yellow colour of the hydrolysate 
itself. In the case of the crystalbumin the discrepancy using the different 
coloured lights is much less, the figures being 0-52 and 0-57 mg. respectively. This 
last fact illustrates the great difference in behaviour of the glycoprotein and 
crystalbumin when heated with concentrated HCl. The glycoprotein developed 
a deep brown colour and deposited a black precipitate of humin whilst the 
crystalbumin remained almost colourless. 

The results of the cystine determinations of various fractions are given in 
Table III, in which are included also the polysaccharide contents for comparison. 


Table III 
Polysaccharide Cystine 
Fraction content % content % 
0-05 58 
0-09 5-4 
4-3 4-1 
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Tn each case the crystalbumins with low polysaccharide contents have a high 
cystine content whilst the glycoproteins have low cystine contents. Not only is 
this of interest in demonstrating once more the contrasting properties of the 
two proteins but it enables certain conclusions to be drawn concerning the 
nature and composition of the glycoprotein fraction. This last point is discussed 
in the next section. 
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Discussion 


Repeated experiments confirm the conclusion previously reached that by 
simple recrystallization serum albumin may be obtained practically free from 
polysaccharide. The importance of this lies in the fact that nearly every specimen 
of crystalbumin regarded by investigators as materially pure must have con- 
tained appreciable amounts of another protein and many of the properties 
described are those of a mixture of proteins. 

In the literature the polysaccharide content of the albumin used has not in 
many cases been reported but where it is given it is frequently considerable. 
Dische & Popper [1926] describe serum albumin as containing 1-08 % of carbo- 
hydrate, Rimington [1929; 1931] gives a carbohydrate content of about 2%, 
the figures of Lustig & Haas [1931] are between 0-47 and 0-65%, Sorensen & 
Haugaard [1933] give 0-47 % for one specimen and a very low figure for another, 
and the present author [1934] found contents between 0-29 and 0-78% for 
crystalline albumins and up to 44% for other fractions. Since it has been 
shown in the two papers of this series that the polysaccharide content of purified 
crystalbumin can be reduced to values below 0-1%, it is evident that appre- 
ciable amounts of glycoprotein must be present in specimens of albumin not 
subjected to careful repurification processes. 


Nature of glycoprotein 


The identity of this glycoprotein must now be considered. The only known 
serum protein which it resembles is serum mucoid which has a high carbohydrate 
content and is not coagulated on heating [Zanetti, 1897; Bywaters, 1909; 
Rimington, 1931]. The resemblance is, however, only superficial and the fact 


that the glycoprotein is different from mucoid becomes clear on closer’ in- 
spection. 

Although, when nearly pure the glycoprotein now investigated may be 
heated in dilute solution without being coagulated, when it is heated in the 
presence of appreciable amounts of coagulable proteins it is carried down with 
the coagulum. Serum mucoid, on the other hand, remains in solution when 
serum is heated and it is, in fact, prepared by this means. 

Serum mucoid contains 25% of polysaccharide [Rimington, 1931], but, 
despite the use of a wide variety of fractionation methods it has not been possible 
to obtain the present glycoprotein with a content of more than 10 or 11% of 
polysaccharide. Consideration of the cystine content of the glycoprotein proves 
that it cannot be serum mucoid. As an example we may consider fraction S 
which had a carbohydrate content of 9-5%. If the carbohydrate present were 
due to serum mucoid (containing 25 °% carbohydrate) then there is present 38 % 
of serum mucoid and 62 % of crystalbumin. The cystine content of crystalbumin 
was found to be 5-8 % . The cystine content of the glycoprotein must be the sum 
of the cystine contents of its constituents. Therefore, even assuming that the 
serum mucoid contributes no cystine at all, the crystalbumin present necessitates 
a cystine content of at least om x 5-8=3-6 % in fraction 8. Actually, however, 
this fraction contains less than 1-8 % of cystine, so that it is impossible for the 
glycoprotein to be serum mucoid. In fact no protein so far described has the 
properties of this glycoprotein, and one is forced to the conclusion, supported by 
all the available evidence, that this is a new serum protein, to which perhaps the 
name seroglycoid may be provisionally applied. 
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The properties of seroglycoid are different in almost every respect from those 
of crystalbumin, since it has a high polysaccharide content (at least 10% 
calculated as g.m.g.), a lower N content, a lower Van Slyke amino-N figure, 
different titration curves, a lower rotatory power, difficult heat-coagulability, 
higher tryptophan content and lower cystine content. In its amino-acid dis- 
tribution seroglycoid resembles globulin rather than albumin but it is not, of 
course, precipitable by 50 % saturated (NH,),SO,. As far as the quantity of the 
protein in serum is concerned the following rough figures may be taken as an 
indication of the composition of horse serum: 3-6 % globulin, 2-8 % crystalbumin, 
0-3 % seroglycoid, 0-05 % serum mucoid. 


SUMMARY 


1. The observation is confirmed that crystalline serum albumin (crystal- 
bumin) when pure is free from polysaccharide but as usually prepared it contains 
varying amounts of a glycoprotein. 

2. The identity of this glycoprotein is discussed and evidence is adduced that 
it is a new serum protein for which the name seroglycoid is provisionally sug- 
gested. 
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THE influence of diet on the vitamin B, content of the tissues of rats has been 
studied by various workers. Osborne & Mendel [1923] found variations in the 
vitamin B, content in the livers of rats depending on the allowance of this 
vitamin in the food, and Westenbrink [1932] made quantitative measurements of 
the relative amounts of vitamin B, left in organs of rats which had been fed on a 
vitamin B,-deficient diet for varying periods. Recently, using the rat-growth 
method of assay developed by Chase & Sherman [1931], Brodie & MacLeod 
[1935] studied the distribution of vitamin B, in the tissues of rats maintained 
on three types of diets containing different amounts of this vitamin. These 
authors reported that tissues from animals which had been kept on a vitamin 
B,-free diet for 1 month were practically devoid of the vitamin. In the organs 
of rats fed on a ‘‘normal diet” (one-third whole milk powder, two-thirds whole 
wheat plus 2% salt mixture) it was found that kidney was half, brain one-third 
and muscle one-tenth as rich as the heart or liver in vitamin B, content. When a 
supplement of 2% of yeast was added to this diet there appeared to be extra 
storage of the vitamin in muscle, liver, kidney and brain, but not in the heart, 
spleen and blood. 

In all these studies on the storage of vitamin B, in tissues no attempt has 
been made to express the amount of the vitamin in terms of any standard unit 
of reference, say, in terms of the International Unit. It is evident that unless 
such a reference unit is employed, various aspects of the study of the storage 
and distribution of this vitamin in the animal body must lack precision. Thus, if 
a suitable unit of measurement be adopted, it will be possible to interpret in 
precise figures the extent of the vitamin B, storage not only from the point of 
view of the concentration of the vitamin per unit weight of tissue but also of 
the total amount held in reserve. 

Using the International Unit of vitamin B, as the basis of reference, the 
quantitative experiments reported below have been carried out to study (1) the 
maximum storage of the vitamin in the rat, (2) the distribution of the vitamin in 
various tissues and (3) the influence of dietary intake on the storage of the 
vitamin. 

EXPERIMENTAL 

Estimation of vitamin B,. The “bradycardia” method for the assay of 
vitamin B, was used in this study [Drury e¢ al. 1930; Birch & Harris, 1934; 
Harris, 1934], graded doses of the International Standard acid clay being tested 
on groups of rats simultaneously with the tissues to be examined. A dose- 
response curve was obtained by plotting the duration of cure against the 
respective doses of the 1.8. and was used as a reference curve for the estimation of 
the amount of vitamin B, in the tissues. 
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Rats and diets used. Adult piebald rats of both sexes were used. They had 
been reared, until 4 months old, on the laboratory stock diet, consisting of 
brown bread, milk, meat, liver and cabbage. At the beginning of the experiment 
the animals were put into separate cages and fed on diets containing varying 
amounts of vitamin B,. The source of vitamin B, was an accurately standard- 
ized acid clay adsorbate, found to contain 125 1.v. per g. This was finely ground 
up and incorporated in the basal diet, which consisted of 60% castor sugar, 15% 
“light white” caseinogen, 15 % arachis oil, 5 % salt mixture and 5% autoclaved 
marmite (autoclaved at pH 10, 14 atmospheres, for 4 hours). Tissues were also 
examined from rats fed on the laboratory stock diet and on a “10% yeast diet”, 
the latter consisting of 10% dried yeast, 55% castor sugar, 15 % “light white” 
caseinogen, 15 % arachis oil and 5% salt mixture. Each rat received 3 drops of 
cod liver oil daily. 

The rats were maintained on their respective diets for stated periods, after 
which they were chloroformed and killed by decapitation. The tissues were 
removed and weighed and aliquot portions used for assay at once. On occasions 
when no rats were available for the “‘ bradycardia” test, the tissues were stored 
(for not more than 2 days) in stoppered bottles in a refrigerator. 

The tissues thus examined for vitamin B, content were the liver, muscle, 
heart, brain, kidney and spleen, while in a few rats the intestine, fat and blood 
were also assayed. , 

RESULTS 


The maximum storage of vitamin B, in rats’ tissues. Table I gives the vitamin 
B, contents of the tissues of rats reared on the laboratory stock diet. It will be 
seen that on this diet, which is adequate although not very rich in vitamin B,, 
the tissues showed no large variations in vitamin B, concentration. The main 
sites of storage from the point of view of total reserves are the liver and muscle. 
The concentrations of vitamin B, in the tissues of rats receiving large amounts of 
the vitamin are shown in Table II. A “‘saturation” limit appeared to have been 
reached when the liver had a vitamin B, concentration of about 1-9-3-2 1.v./g. 
(av. 2-6 1.v./g.). The only other organ holding a comparably high reserve was 
heart (av. 2-7 1.v./g.), while the maximum concentrations in the other tissues 
examined were: kidney 1-2 1.v./g., spleen 1-0 1.v./g., brain 1-0 1.v./g., lung 


Table I. Vitamin B, reserves in tissues of rats reared on the 
laboratory stock diet * 


Concentration of vitamin B, Total reserves of vitamin B, 
(1.U./g.) (I.U.) 

OCC 
RatA RatB RatC Av RatA RatB  RatC 

Body wt. (g.) andsex... 1523 1602 20¢ 62g 1602 20¢ 
Liver 1-5 1-7 1-4 1-5 75 8-2 11-9 
Heart 1-3 1-3 1-6 1-4 0-9 0-9 1-0 
Kidney 0-4 0-2 0-6 0-4 0-6 0-3 0-8 
Brain 1-2 0-9 2-0 1-4 1-6 1-4 2-4 
Spleen 1-2 1-0 18 1:3 1-8 1-2 1:8 
Lung 0-5 0-6 1-2 0-8 0-4 0-6 1-2 
Muscle 0-4 0-4 0-5 0-4 19-2 20-4 24-0 

Body fat 0-5 0-2 - 0-4 2-5 1-2 - 

Blood - ~ 0-3 - - - 2-7 
Total (1.v.) 34-5 34-1 45-8 


* The precise vitamin B, content of this diet is unknown, it consists of brown bread, milk, 


meat, liver and cabbage. 
(-—) These tissues were not assayed. 
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Table II. Maximum vitamin B, contents of rats’ tissues 
No. and sex ... we. eae 29 3¢ 4 3 5 S 6 3 73 
Body weight (g.) aa 167 180 320 294 286 190 263 
Nature of diet «os IG 10% 10% 5% f 10% 20% Average 
yeast yeast yeast acid i acid acid for rats 
clay clay clay nos. 1-7 
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LU. vitamin B,/g. diet 
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LU./g. liver 
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brain 
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muscle 
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body fat 
blood 
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(-—) These tissues were not assayed. 


0-6 1.U./g. and muscle 0-6 1.v./g. Unlike that in the other tissues, the concen- 
trations of the vitamin in the intestines and body fat seemed to vary greatly 
from one animal to another (<0-1-0-7 1.U./g. in the case of the intestine and 
0-1-0-8 1.U./g. in body fat). With the exception of the liver and heart, the organs 
of rats A, B and C, which received the laboratory stock diet, were found to be 
nearly as rich in vitamin B, as those from rats which had presumably higher 
vitamin B, intakes. For the reserves of rats receiving smaller allowances of 
vitamin B, and whose tissues were therefore less ‘“‘saturated”, see Table IV. 
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200 250 300 «= 320 
Weight of rat, g. 
Fig. 1. Amount of vitamin B, stored in the tissues of “saturated” rats, showing the relationship 
between the amount stored and the weight of rat. The tissues examined were liver, heart, 
kidney, brain, spleen, lung and muscle. 


Fig. 1 shows the relationship between the vitamin B, content and the weights of 
rats whose tissues had been “‘saturated” by a large intake of the vitamin. For 
these rats the vitamin B, reserve was roughly 0-3 1.U./g. body weight. 
Distribution of vitamin B, in various tissues. The total vitamin B, reserves in 
the organs of these ‘‘saturated” rats are given in Table III. It will be observed 
that the combined deposits in liver and muscle represented 80-90% of the 
total storage in the organs examined. The remaining 10-20 % were distributed 
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Table III. Distribution of vitamin B;, in tissues of rats fed on diets rich in vitamin B, 


Rat no. ... wee oe Ges Bes 1 2 3 + 5 6 7 
Nature of diet... ia ite ase” OG 10% 10% 5% 5% 10% 20% 
yeast yeast yeast acid acid acid acid 

clay clay clay 

1.U. vitamin B,/g. diet... ee eae 4 4 6 6 12-5 

Av. daily viteunin B, intake (1. ) oan 40* 40* 90 110 180 

7 ll 8 
294 286 


rs 


Period on diet Conse) abs ade mae 1 
Weight of rat (g.) ae aa «os: OT 
Total vitamin B, in liver (I.U.) 
heart 
kidney a 
brain aa 
spleen 
lung 
muscle 
intestine 
body fat 
blood = 
above tissues ,, 47 
liver, as % of total 35 
muscle, as % of total 52 
Combined reserves in liver and muscle, as 87 
% of total 


* Calculated on the assumption that 10 g. food were eaten daily. (-—) These tissues were not assayed. 
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Table IV. Vitamin By storage in liver and muscle as influenced by diet 


Av. daily 
LU. vitamin Period Lv. LU. 
vitamin B, on vitamin vitamin 
B,/g. intake diet B,/g. B,/g. 
Nature of diet diet (1.u.) (weeks) liver muscle 
Vitamin B,-free diet 0 <O-1 <0-1) 
* 9 0 <0-2 <0-1 
0-1°% acid clay diet eli 0-9 0- 1 0-4| Low 
0-1% “13 0-9 eg 02| reserves 


2 
a 
nw 


025%, . 5 3-0 . 0-2 
025% “ “ 30 ©6112 0-3 


Av. for rats 3-6 “6 0:3 


05% 9» “6 7-0 9 . 0-3 
0-5°%, ” “6 8-0 12 0-3 
19 ” 2 13-0 9 Average 
1% “2 13-0 10 0-4/ reserves 
Laboratory stock diet ~ 12 0-5 

* 12 0-4 
Av. for rats 7-12 0-4 


2% acid clay diet 2-5 30 0-5 
2% 9 2-5 35 0-5 
10% yeast diet 4-0 40t 0-6 
10 % ” 4-0 407 
10% ” 4-0 407 
5% acid clay diet 6-0 90 
‘ os 6-0 110 
12-5 180 
12-5 200 
25-0 300 
25-0 500 
Av. for rats 13-23 0-6 


* The precise vitamin B, content of this diet is unknown; it consists of brown bread, milk, 
meat and cabbage. 
+ Calculated on the assumption that 10 g. food were eaten daily. 
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between the following: heart, kidney, brain, spleen and lung, intestine and body 
fat. 

The influence of dietary intake on the storage of vitamin B,. In this study it 
was decided to assay only the liver and muscle for their vitamin B, reserves as 
these tissues were found to contain as much as 80-90 % of the total. The results 
are shown in Table IV. Rats kept for 1 month on a vitamin B,-free diet had 
their tissue reserves depleted to such a great extent that the concentration in 
the liver was less than 0-2 1.U./g., and that in muscle was less than 0-1 1.U./g. The 
storage rises with increasing levels of vitamin B,, maximum concentration being 
attained when the daily intake was 30 I.v. of vitamin B,. There was little 
additional storage of the vitamin at levels of intake higher than 30 1.U. per day 
(see Table IV). 


Discussion 


Table II shows that the richest stores (i.e. the highest vitamin B, reserves/g. 
weight of tissue) are the liver and heart, which have an average value of 2-61.U./g. 
With the exception of intestine, body fat and blood, which appeared to vary 
greatly in vitamin B, content from one animal to another, the concentrations of 
the vitamin in all other tissues of “‘saturated” animals were of about the same 
order, i.e. 0-6—-1-2 1.U./g. It is likely that the amount in the blood will be higher 
immediately after feeding, and this point is being investigated. 

The fact that the bradycardia in these tests is cured by the body fat of rats 
seems to suggest that the antineuritic vitamin may be stored in appreciable 
amounts in fat. In view of the work by Evans & Lepkovsky [1932] on the 
sparing action of fat on vitamin B, the question arises as to whether it was this 
fat-sparing action, and not the vitamin B, stored in the fat, that had been 
responsible for the cure of the bradycardia. Later work by Evans et al. [1934], 
however, showed that in order to obtain this sparing action the percentages of 
fat, protein and vitamin B, complex in the diet had to be very high (50, 36 and 
10% respectively). The basal diet given to the rats used in the bradycardia 
tests contained these factors only to the extent of 15, 15 and 6% respectively, 
which amounts, according to the work of Evans et al. [1934], would be too low 
to produce fat-sparing action on vitamin B,. Therefore it seems possible that the 
cure of bradycardia obtained by feeding the fat from these rats (in small test- 
doses of 1-2 g.) may be due to the presence of some form of vitamin B, in the fat. 

In the rats whose tissues were “‘saturated” with vitamin B,, its concen- 
tration in the liver was about four times that in muscle. (Brodie & MacLeod 
[1935] reported a tenfold difference for these two tissues in rats fed on a ““normal”’ 
diet.) In spite of this small concentration in muscle it will be seen (Table ITT) 
that collectively the muscles hold more vitamin B, than the liver and actually 
contain between 40-60 % of the total body reserves, inasmuch as the musculature 
accounts for 20-45% of the body weight. (The weight of the muscles of the 
piebald rats kept on the diets used in this study was found to be about 30% 
of the gross body weight.) The liver is responsible for 30-40% of the total 
reserves. 


SUMMARY 


The influence of the intake of vitamin B, on the amount of the vitamin that 
can be stored in the tissues of the rat has been studied. Maximum storage was 
attained when the intake of vitamin B, was about 30 1.v. per day, a further 
increase above this level giving rise to no appreciable additional accumulation 
of reserves. 
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The highest local concentrations of vitamin B, in rats’ tissues were observed 
in the heart (2-7 1.v./g.) and liver (2-6 1.U./g.). The total storage in muscle, where 
the concentration was 0-6 1.U./g., accounted for about 50% of the total reserves 
in the body of the “saturated” rat, while that in liver amounted to about 35%. 
The maximum vitamin B, content which could be obtained was roughly 0-3 1.U./g. 


body weight. 
I am greatly indebted to Dr L. J. Harris for his kind interest and helpful 


criticism. 
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LitTLE is known concerning the quantitative aspects of the metabolism of 
vitamin B,. The presence of vitamin B, in the excreta was reported by Cooper in 
1914; and some later workers have suggested that the output of the vitamin in 
urine is probably diminished when the intake is low [Muckenfuss, 1918; Gaglio, 
1919; Van der Walle, 1922; Helmer, 1935]. Recently, in experiments both with 
human subjectsand rats [Harris & Leong, 1936], it has beenshown that the urinary 
excretion of vitamin B, depends on (1) the vitamin B, reserves of the subject, 
and (2) his immediate vitamin B, intake [cf. also Roscoe, 1936]. Quantitative 
data were obtained which suggested that the amount excreted in the urine might 
serve as an indication of the state of vitamin B, nutrition in experimental 
subjects. One interesting point which emerged was that, with the subjects 
studied, the daily urinary output of vitamin B, amounted to only about 10 % of 
that ingested. The remaining 90% might be accounted for in several ways: 
(1) storage in the tissues, (2) excretion with the faeces, (3) destruction in the 
alimentary tract or (4) conversion into end-products during metabolism. The 
experiments reported in this paper have been carried out in order to throw more 
light on these points. 

In making a balance sheet with regard to vitamin B, metabolism, difficulty 
arises concerning the extent of bacterial synthesis of the vitamin in the gut. 
Guerrant et al. [1935] have shown that this synthesis occurs in the caecum of the 
rat and that the amount that can be synthesized depends on the type of carbo- 
hydrate in the diet. Whipple & Church [1935] have reported that the presence of 
fat in the alimentary canal is essential for the elaboration of this vitamin by 
micro-organisms. No attempt, however, has been made to study the extent of 
this bacterial synthesis. This aspect of the problem is also made more obscure by 
the uncertainty as to how much of the faecal vitamin B, is derived from unab- 
sorbed food. In the quantitative study of the relationship between vitamin B, 
intake and its faecal output which is reported below, evidence has been obtained 
to show that the amount of bacterial synthesis is relatively small and may readily 
be allowed for, so that a reliable study of the vitamin B, balance can accordingly 
be made. 

Method of assay of vitamin By 

The “‘ bradycardia” method for the estimation of vitamin B, was used [Drury 
et al. 1930; Harris, 1934; Birch & Harris, 1934] and the standards taken for 
comparison consisted of a series of graded doses of International Standard acid 
clay. During the past 18 months a large number of assays of the 1.8. have been 
made in this laboratory, using piebald rats of 45-60 g. weight, and the results 
obtained on separate occasions have been quite consistent. Four levels of dosage 
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were tested (with an average of 45 observations at each level) and the means 

were used to construct a dose-effect curve. The curve was fitted to the data by 

the method of least squares (Fig. 1). The standard error (e) of each mean was 
Dd? 

about +3-8%, where «= + mi 1): A detailed statistical discussion of the 

accuracy of the “ bradycardia ”’ method will be given in a subsequent communica- 

tion. All these data have been collected and used to construct a dose-effect 


curve (Fig. 1) which is used as the reference curve in this study. 


9 


i) 


Duration of cure of “ bradycardia” (days) 


0 | 2 3 4 
International Standard acid clay (1.v.) 


Fig. 1. ‘‘Bradycardia”’ method: dose-effect curve. 


1. THE SOURCE OF VITAMIN B, IN FAECES 


The results of a quantitative study of the daily faecal production of vitamin 
B, by rats (both normal and vitamin B,-deficient) are given in Table I. Adult 


Table I. Excretion of vitamin B, in the faeces of normal and 
vitamin B,-deficient rats 


Normal rats 





Rat no. ae ee bas ] 2 3 q 5 6 7 8 9 
Days on vitamin B,-free diet 1 1 1 3 4 0 0 0 0 
Single test-dose given (I.U.) 0 0 0 0 0 10* 20* 20* 20* 
Output during next 24 hours 0-9 0-9 1-4 0-9 1-4 0-9 1-4 0-9 1-8 
(1.U.) 
Output on 2nd day (I.v.) 0-9 1-4 1-4 1-4 _- 0-9 0-7 0-9 1-0 
3rd % 0-5 —_— 0-9 0-9 —_— — 1-4 0-9 1-4 
ss 4th os 0-9 — 1-4 _— 0-9 — — —_ 0-5 
” 5th 9 — = 0-9 _— 
Vitamin B,-deficient rats 
Rat no. ... a eae BP eS: ee. $s 8 0 
Single test-dose given (1.U.) ‘o BD @&* © *# 1-4* 1-4* 10* 10* 20* 20* 
Output during next 24 hours (I.U.) 14 14 14 05 14 14 14 05 05 0:5 05 
Output on 2nd day (I.U.) — 05 05 05 09 14 07 13 05 14 12 
es 3rd > — — — 10 05 — 06 05 — O7 12 
4th * —- — — — 09 — 07 — — — O07 


* Single test-dose given in the form of the International Standard acid clay. 
— These specimens were not assayed. 
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normal rats were placed on a vitamin B,-free diet, and single test-doses of the 
vitamin were given in the form of the 1.8. The amount given varied from 10 to 
50 1.U. of vitamin B,, and several animals were given no dose. The daily faecal 
matter was collected and assayed for its vitamin B, content. It will be seen 
from Table I that in spite of large variations of vitamin B, intake (0—50 1.v.) the 
amount excreted in the faeces daily is relatively constant. With the basal diet 
used in these experiments the daily faecal output was 0-5-1-8 1.U., depending 
largely upon the weight of faeces. Similar results were also obtained with 
polyneuritic rats whose body stores of the vitamin had been depleted after 
4-5 weeks on a vitamin B,-free diet. These polyneuritic rats continued to excrete 
0-5-1-4 1.U. per day in the faeces even when no vitamin B, was given. From 
these findings it is clear that the faecal vitamin B, is not derived from the food. 
This finding is subject, however, to the limitation that when the intake of 
vitamin B, is very large, i.e. at levels higher than 80 1.v. per day, appreciable 
amounts may escape absorption from the gut and be excreted in the faeces (see 
below). 

The various possible sources of vitamin B, in faeces have been discussed by 
many workers [Dutcher & Francis, 1923; Roscoe, 1931; Guerrant et al. 1935]. 
All the available evidence, together with the observations presented above, 
seems to indicate that bacterial synthesis in the lower part of the intestine 
probably accounts for most of the v.'»min B, in the faeces. This synthesized 
vitamin is presumably retained in the bacterial cells and is therefore not absorbed 
through the intestinal wall but excreted with the faeces. 

It is realized that conclusive proof of the responsibility of bacterial synthesis 
for all the vitamin B, activity in the faeces would entail a separation of the micro- 
organisms from the non-bacterial matter and a quantitative demonstration of 
the vitamin B, potency in the bacterial portion. Since this aspect of the study 
would constitute a separate problem in itself, it is proposed, for the purpose of 
this vitamin B, balance study, to apply a correction of 1-51.Uu. per day for 
bacterial synthesis. This amount is deducted from the daily faecal output of 
vitamin B, and the difference is then taken to represent the amount derived 
from any unabsorbed vitamin in the food. 


2. URINARY AND FAECAL OUTPUT OF VITAMIN B, WITH 
VARIED DIETARY INTAKE 


Experimental animals and diets used. Twenty piebald rats which had been 
reared on the laboratory stock diet were used in these experiments. When 3 
months old they were divided into 10 groups of 2 rats each and placed in separate 
wire cages with } in. mesh and elevated bottoms. These groups were placed on a 
series of diets containing graded amounts of vitamin B,. The vitamin B, was in 
the form of an acid clay adsorbate! (125 1.U./g.) which was finely ground up and 
carefully incorporated in the basal diet. The composition of the various diets is 
given in Table II. Each rat was given 3 drops of cod liver oil daily. With the 
exception of group I, which received no vitamin B,, all the other groups were 
kept on their respective diets for a preliminary period of 4-10 weeks so as to 
ensure that a steady state of vitamin B, retention and excretion had been 
attained. 

After this period the rats were transferred to metabolism cages and a few 
days later, when the rats had become accustomed to their new environment, the 


1 T am indebted to Dr A. Z. Baker of Vitamins Ltd. for generous supplies of the activated acid 
clay. 
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Table II. Composition of diets 





Rats (group) I II Ill IV V VI VH VIL X 

Diet no. sas 1 2 3 q 5 6 7 8 9 10 

Acid clay absorbate 0 0-1 0-25 0-5 1 2 5 10 20 30 
g. 

Sucrose (g.) 60 60 60 59-5 5 58 57 55 48 42 

Arachis oil (g.) 15 15 15 15 15 15 14 14 13 1] 

Light-white 15 15 15 15 1 15 14 13 13 11 
caseinogen (g.) 

Autoclaved marmite* 5 5 5 5 5 5 5 4 3 3 
(g-) 

Salt mixture (g.) 5 5 5 5 5 5 5 4 3 3 

Vitamin B, (1.v.)/g. 0 0-125 0313 0-625 1:25 25 625 12:5 25-0 37-5 


food 
In addition each rat received 3 drops cod liver oil daily. 


* Autoclaved at pH 10, 1} atmospheres, 4 hours. 


actual experimental period was started. During this time measurements of 
food intake and vitamin B, excretion were made daily. Precautions were taken 
in order to eliminate as far as possible any contamination of the excreta with the 
particles of food which might be dropped while the animals were feeding, the 
food pots being placed inside larger vessels so that any spilled food might be 
deposited in the latter. 

Collection of excreta. The faeces were collected daily and dried in vacuo over 
H,SO,. After the experimental period the combined faecal matter of each rat 
was weighed, ground up in a mortar, and aliquot samples used for the estimation 
of vitamin B,. The daily urines were collected over 5 ml. of 5% HCl to which 
had been added a few drops of toluene. The bottoms of the metabolism cages 
were rinsed out daily with a few ml. of water, a glass rod being used with a rubber 
ring attached to one end. The washings were added to the day’s urine. In the 
case of urines of low vitamin B, content, several days’ collection were pooled in 
order to get a sufficient amount for an assay. The technique used for the con- 
centration of the vitamin B, before it could be assayed was essentially the same 
as that previously described by Harris & Leong [1936]. The only modification 
was that 4, instead of 2, successive adsorptions with acid clay were made in 
order to obtain a more complete separation of the vitamin. Such adsorptions 
were carried out with the urines of groups I-V where the urinary excretion of 
vitamin B, was very small. In the cases of rats with larger intakes of vitamin B,, 
and therefore larger excretion, no such concentration of the vitamin was 
necessary and aliquot portions of the daily urine were used direct for assay 
(groups VI-X). 

Results. The results of the balance experiments are given in Tables III-V. 
The duration of the actual experimental period, i.e. during which the daily food 
intake was noted and the assay of vitamin B, in urine and faeces was made, 
varied somewhat from group to group. This in turn depended on the level of 
vitamin B, intake: those rats getting little or no vitamin B, in their food excreted 
so little of it in the urine that a 5-10 days’ collection had to be combined for one 
single estimation, whereas animals with higher intake (and therefore larger out- 
put) needed to be observed for a period of only about a week in order to obtain a 
fairly reliable balance sheet. In order to minimize errors due to variations in 
animal response in the “‘ bradycardia” tests duplicate assays were carried out 
whenever possible on the urines, while in the case of the faeces the average values 
of the results of 3-8 tests were taken. 








Group 
and rat 
no. 


Ee 


I, 2 


II, 3 


Il, 4 


Ill, 5 


III, 6 


Av. 


Av. 


Av. 


Av. 


Av. 





Experi- 
mental 
days 
1- 3 
4-6 
7- 9 
10-11 
12-14 
15-16 
per day 
l- 3 
4-6 
7-9 

10-11 
12-14 


15-16 
per day 
1- 5 
6-10 
11-15 
16-20 
per day 
1- 5 
6-10 


11-15 
16-20 


y. per day 


2 
3- 5 
7 
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Table III. Intake and output of vitamin B, at inadequate 
levels of intake, i.e. 0-3-1 1.0. daily 
Output in faeces 
—— 
Amount 
unabsorbed Balance 
Intake Output from food between 
of in urine Total Vitamin (after intake and 
Intake vitamin 1.U.of wt. of B, correction output of 
of food B, vitamin faeces present for bacterial vitamin B, 
g. (I.U.) B, g. (I.U.) synthesis) (I.U.) 
35 0 ‘a 
28 0 } o5 | 
25 0 b 7-0 9-1 — anne 
16 0 | cof 
24 ‘fc 
13 0) ; : 7 
8-1 0 0-1 0-4 0-5 0 -0-1 
38 0 ) 
30 0; o9, 
29 0 " 7-5 10-5 = = 
17 at 
22 o [ 1s! 
13 0 a 
9-3 0 0-2 0-4 0-6 0 —0-2 
32 4- 
33 a3} + . 
7-0 9-1 ea on 
36 4-6) va} 
33 4-2) aos 
7-2 0-9 0-1 0-35 0-5 0 +0°8 
38 4-8) 
36 46; 9) 
i 8-0 10-4 = — 
33 “3) 1-4 
29 3-6 ee 
6-8 0-9 0-1 0-4 0-6 0 +0°8 
18 5-6 
29 9-1 | 1-4 
= a 1-4 60 144 ~ sa 
15 4-7 
26 a2h 19 
9-4 2-9 0-3 0-4 1-0 0 (+26 
19 6-0 0-5 
38 11-8 sa 
28 ss} "— A 2-3 — _ 
35 10-8 - 
17 Sap 2 3) ley 
9-8 3-1 0-4 0-6 1-7 0 +2-7 


As suggested above, there appeared to be a synthesis by bacteria of about 
0-5-1-5 1.U. of vitamin B, in the faeces of rats placed on the vitamin B,-free diet 
No. 1. Therefore in cases where the daily faecal output of vitamin B, amounted 
to less than 1-5 1.U. it was regarded as due solely to bacterial formation and it was 
concluded that there had been no excretion derived from unabsorbed vitamin B, 


242 
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in the ingested food. When the excretion of vitamin B, in the faeces was more 
than 1-51.U. per day (see groups VI-X), this figure was deducted from the 
amount found in the faeces, the difference representing the vitamin B, unab- 
sorbed from the food. 


Group 
and rat 


no. 
IV,-7 


IV, 8 


V, 10 


vi, 4 


VI, 12 


Table IV. Intake and output of vitamin B, with moderate 
levels of intake, i.e. 7-56-31 1.u. daily 


Experi- 
mental 
days 
1- 3 
4-5 
6- 8 
9-10 
11-13 
Av. per day 
l- 3 
4 6 
7-8 
9-11 
12-13 
14-16 
Av. per day 


Or hm oS 


Av. per day 


1-2 
34 
5-6 


é 
8 
9 

10 
11 


Av. per day 


DOr hoe 


Av. per day 


Crm Go ho 


Av. per day 





| 
Amount 
unabsorbed Balance 
Intake Output from food between 
of inurine Total Vitamin (after cor- intake and 
Intake vitamin I.v.of wt. of B, rection for output of 
of food B, vitamin faeces present bacterial vitamin B, 
g. (I.U.) B, g. (1.U.) | synthesis) (I.U.) 
39 24-4 2-8 
19 11-9 5 
28 17-5 | 32 9-0 16-2 fie as 
23 ane sa 
30 18-9 ie 
10-7 6-7 0-7 0-7 1-3 0 +6-0 
41 25:7 
39 24.2} “i 
on a 
ae eat 6 28 120 64 ‘ie on 
25 15-7 
36 25} 38 
12-7 7-9 0:5 0-7 15 0 +74 
9 11-3 2-8 
9 113 3-8] 
12 14-5 2-8 > 3-0 5-4 — — 
12 14-5 3-8 
ll 13-8 3-2 
10-6 13-1 3-5 0-6 1-1 0 +9-6 
2 25-1 4-2) 
23 28-8 4-2 
20 25:1 3-8 
12 14-5 2-8 re ” 
12 145 3-2 = = = 
12 14-5 28 
12 14-5 3-2 
12 14-5 3-2 
11-2 13-8 2-5 0-7 2-5 1-0 +103 
ll 27-5 15-2 
9 22-5 11-2 
9 22-5 16-8 ‘ a as 
12 30-0 — = = 
13 32-5 10-5 | 
12 30-0 16-0 ' od ». 
ll 27°5 13-2 0-8 3-0 1-5 +12:8 
17 42-5 13-0 
14 35-0 10-8 
13 32-5 13-8} 5-5 15-4 _ - 
11 27-5 8-4 | 
14 350 16-2! 
13-8 34-5 12-4 1-1 3-1 1-6 + 20-5 





Output in faeces 
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Table V. Intake and output of vitamin B, with 
high levels of intake, i.e. 87-704 1.u. daily 


Output in faeces 
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—————_ \ 
Amount 
unabsorbed Balance 
Intake Output from food between 
of in urine Total Vitamin (after intake and 
Group _—_— Experi- Intake vitamin 1.v.of wt. of B, correction output of 
and rat mental of food B, vitamin faeces present for bacterial vitamin B, 
no. days g. (I.U.) B, g. (I.U.) synthesis) (I.U.) 
VII, 13 1 17 106 52-0 
2 14 88 55-2! 
3 13 81 33-6 - 7-0 49-0 -- — 
4 13 81 38-4 | 
5 13 81 63-0 
Av. per day 14 87 48-4 1-4 9-8 8-3 +31 
VII, 14 1 19 119 91-2 
2 19 119 76-8 
3 19 119 90-0 } 9-0 72-0 = 
4 15 94 76-0 
5 17 106 52-0 
Av. per day 17-8 111 77-2 1-8 14-4 12-9 +21 
VIII, 15 1 15 188 63 
2 16 200 75 
3 14 175 90 | se 
4 10 125 34} 9-0 405 -- — 
5 18 225 100 
6 14 175 76 ioe 
Av. per day 14-5 181 81 15 67-5 66-0 + 34 
VIII, 16 1 19 238 84 
2 17 213 92 
3 14 176 104 i 
4 15 188 oe - = 
5 15 188 76 
6 14 176 112 ides 
Av. per day 16-7 197 91 1:7 85 83-5 +23 
IX, 17 1 14 350 76 
2 18 450 104 
3 9 225 76 
4 9 225 84 > 11-0 1120 — _- 
5 8 200 88 
6 13 325 112 
7 12 30076 
Av. perday 11-9 297 88 1-6 160 158-5 +51 
IX, 18 1 18 450 130 
2 20 500 110 s 
3 21 so nm OU * = 
+ 19 475 115) 7 
Av. perday 195 488 118 38 350 348-5 +22 
X, 19 1 16 600 78 ) 
6 5 9 
2 ob om gal om = 
4 13 488 72) 
Av. perday 13 488 72 38 404 402-5 +14 
X, 20 1 19 713 108 ) 
> aa ; 
. — a = 2 - i 
4 19 713 84) 
Av. perday 18-8 704 88 5-4 567 565-5 +51 





Daily output of vitamin B, (1.v.) 


wee vu Ds @ O 


o- 


So 
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The results giving the urinary and faecal outputs of vitamin B, at different 
levels of intake are readily seen by inspection of Figs. 2 and 3. 

When the amount of vitamin B, ingested was less than 31.U. per day, its 
output in the urine was very low, i.e. 0-1-0-41.U. per day; but the quantity 
excreted increased with increasing intake. It will be observed that at very high 
levels of intake (i.e. about 100-700 1.U. daily) the urinary excretion of vitamin 
B, remained more or less constant at about 90 1.U. per day. 


600 
Urine 
. 






Faeces 


Daily output of vitamin B, (1.v.) 


5 10 15 20 25 30 35 0 100 200 = 300 400 300 600 
Daily intake of vitamin B, (1.U.) 


Daily intake of vitamin B, (1.v.) 
Fig. 2. Fig. 3. 
Fig. 2. Relationship between intake and output of vitamin B,. 
e Urine. + Faeces. 


Fig. 3. Relationship between intake and output of vitamin B,. 
e Urine. + Faeces. 


There was no faecal excretion of vitamin B, when the amount given was 
below 101.v. per day. When this level was exceeded, there was incomplete 
absorption from the digestive tract and the faecal output was found to increase 
as the intake became larger. 

The amount of vitamin B, that can be absorbed daily from the gastro- 
intestinal tract of the rat appears to be rather limited when the vitamin is in the 
form of an acid clay adsorbate. It must be realized however that the 90 1.U. that 
were excreted in the urine (and therefore the amount that was absorbed) repre- 
sented about 50 times the daily requirement of the rat. Preliminary experiments 
have also been carried out by administering large doses of vitamin B, in the form 
of a concentrated solution and the results seem to indicate that the amount of 
the vitamin that could be absorbed daily from the gut was not appreciably 
increased. 


3. EXCRETION OF VITAMIN B, IN URINE AND FAECES AFTER 
INJECTION OF LARGE AMOUNTS OF VITAMIN B, 


In order to find out whether there was any excretion of vitamin B, into the 
intestinal canal, the following experiment was performed. Two adult normal 
rats were placed on a vitamin B,-free diet for 10 days and their urinary and 
faecal outputs of vitamin B, during the last 3 days were estimated. After this 
preliminary period, large doses of vitamin B, (2501.U. per day) were given to 
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these rats by subcutaneous injection and their urine and faeces (marked with 
carmine) were assayed for vitamin B,. The results are shown in Table VI. 


Table VI. Excretion of vitamin B, in urine and faeces after 
subcutaneous injections of large amounts of the vitamin 


Rat B 


a 
Amount of Excretion of vitamin B, Excretion of vitamin B, 
Experi- vitamin B, (1.U./day) (1.U./day) 
mental injected — 
days (I.U.) Urine Faeces* Urine Faeces* 
1 0 — — — = 
8 0 _— —_ — — 
9 0 <0-2 0 <0-2 0 
10 0 <0-2 0 <0-2 0 
11 250 <0-2 0 <0-2 0 
12 250 170 0-4 130 0-2 
13 250 220 1-4 220 1-9 
14 0 220 1-9 190 1-9 
15 0 5-2 0-9 — — 
16 0 — 0-7 —_— _— 


* Amount excreted after correction for bacterial synthesis. - 
— These specimens were not assayed. 


It will be seen that subcutaneous injections of 250 1.v. of vitamin B, daily 
were followed by an average daily urinary excretion of 2001.v. by rat A and 
180 1.U. by rat B. The average daily faecal outputs of vitamin B, in these 2 rats 
were 0-9 and 1-8 1.U. respectively (after correction for bacterial synthesis). These 
results show that large injections of vitamin B, could be absorbed readily into 
the blood stream and that about 75% of the amount absorbed was excreted in 
the urine. The amount passed out in the faeces was insignificant, while the 
difference between the intake and total excretion of this vitamin (av. about 
60 1.U0./day) might be attributed to (1) destruction during metabolism, and 
(2) storage in the rat’s body. Since the maximum storage of vitamin B, in an 
adult rat weighing 250 g. is about 701.v. [Leong, 1937], it is clear that only a 
small fraction of the amount unaccounted for could have been due to storage in 
the rat’s tissues, and that destruction in the tissues was responsible for the 
greater part of the loss. It is also evident that the amount of vitamin B, excreted 
into the gut is very small even when large amounts of the vitamin are present in 


the tissues. 


4. DETERMINATION OF THE BODY STORES OF VITAMIN B, 
AT THE END OF THE EXPERIMENT 


The summarized results in Table VII show that there was a positive balance 
of vitamin B, (i.e. excess of intake over total output in urine and faeces) in all the 
groups with the exception of group I which received no vitamin B,. At higher 
levels of intake (e.g. in groups VII—X) there was an average daily balance of 
about +31 1.v. and the question was to decide if this amount represented storage 
in the tissues of the rats. 

It seems clear that a rough approximation of the extent of storage during the 
experimental period can be made if the initial and final reserves of the vitamin be 
known. In a previous paper [Leong, 1937] it was shown that the amount of 
vitamin B, stored in a rat of about 150 g. weight and fed on the Laboratory stock 
diet is about 351.u. As the rats used in the present study were reared on the 
same diet (and are also of the same weight), this value can be taken to represent 
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the content of vitamin B, in their tissues at the beginning of the experiment. 
The extent of the reserves in these rats at the end of the experimental period was 
estimated by assay on their tissues. In rats 1-4, estimations of vitamin B, were 
made in the main sites of storage, i.e. liver, muscle, heart, lung, brain, kidney and 
spleen. As regards rats 5-20, only the liver and muscle were assayed and the 
total amount in each rat was calculated on the assumption that the combined 
reserves in liver and muscle of “saturated” rats amounted to 80% of the total 
storage [Leong, 1937]. The results are given in Table VII. 


Table VII. Vitamin B, stores in the rats’ tissues at the end of the experiment 


Loss or gain Vitamin B, Loss or gain 


Vitamin B, in weight stores in rat in body 
balance, i.e. Days during atend of _ stores during 
Intake of intake minus on experi- experimental experimental experimental 

vitamin B, output mental period period period 

Group Rat  (1.u./day) (1.U./day) diet g. (1.U.) (1.U.)* 
I ] 0 - 01 20 — 52 1-3t — 34 
2 0 - 0-2 20 ~ 9 1-3¢ -34 

II 3 0-9 + 08 57 - 31 4-5f -31 
4 0-9 + 08 57 - 38 2-5 -33 

III 5 2-9 + 26 80 + 28 24t -1l 
6 3-1 + 2-7 58 + 23 24t -11 

IV 7 6-7 + 6-0 66 + 55 30f - 5 
8 78 + 7-4 80 +117 42t + 7 

V 9 13-1 + 9-6 68 + 66 4lt + 6 
10 13-8 +103 63 + 40 38t + 3 

VI 11 27-5 +128 63 + 55 59t +24 
12 34-5 +20°5 67 +121 89t +54 

VI 13 87 +31 63 +125 118} +83 
14 111 +21 76 +139 77t +42 

Vill 15 181 +34 44 +107 86t +54 
16 197 +23 50 + 99 84f +49 

x 7 297 +51 46 + 57 81t +46 
18 488 +22 40 + 78 86f +51 

x 19 488 +14 32 + 66 80t +45 
20 704 +51 32 + 33 77t +42 


* Calculated on the assumption that the initial vitamin B, store in each rat was 35 1.U. 
+ The total reserves in the following tissues: liver, muscle, heart, lung, brain, kidney and 


spleen. 
t Calculated on the assumption that the combined reserves in liver and muscle represented 


80% of the total storage in the rat. 


The results obtained in this study permit a reliable interpretation of these 
balance experiments at different levels of vitamin B, intake. 

Daily intake of 0-1 1.u. On a vitamin B,-free diet, rats 1 and 2 lost practically 
all their body stores during the experimental period of 20 days. If the rate of 
elimination of the vitamin from the tissue reserves is assumed to be constant, the 
amount lost is about 21.u. per day. As the daily output in the urine was about 
0-2 1.U. (none in faeces), it seems reasonable to conclude that the difference (about 
1-8 1.U.) had been metabolized into end-products. Similar findings are met with 
in group II where the daily intake of vitamin B, is about 1 1.v. 

Daily intake of 3-30 1.v. Tt will also be seen from Table VII that a daily 
ingestion of about 3-13 1.v. did not produce additional storage of vitamin B, (at 
3 1.U. per day there was a loss of 11 1.v. from body stores during the experiment). 
Therefore the excess of intake over output given in Table VII did not represent 
storage but rather destruction in the rat’s body. It was found that better 
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growth (accompanied by larger body stores of the vitamin) was obtained with 
intakes of about 30 1.vU. per day. 

Daily intake of 100-700 1.v. At these high levels of intake the average increase 
in vitamin B, storage during the experimental period was found to be 42 1.v. 
(rats 13+20, Table VII). This would represent a daily storage of about 1 1.v., 
assuming that the amount stored had been increasing at a constant rate during 
the experiment. This quantity stored represents only a very small fraction of the 
excess of intake over output, which is about 301.U. per day (see Table VII). 
These observations suggest that at these high levels of intake as much as about 
30 1.U. of vitamin B, are destroyed in the rat’s body per day. The results of the 
injection experiments cited earlier indicate that considerable amounts of vitamin 
B, can be metabolized in the tissues of the rat. It is quite possible, however, that 
there may also have been some destruction of vitamin B, during the passage of 
the food through the intestinal tract. 


SUMMARY 


Vitamin B, balance experiments have been carried out with adult piebald 
rats maintained on varying doses of vitamin B, , ranging from 0 to about 700 I.v. 
daily, and the daily output of the vitamin in the urine and faeces has been 
assayed by the “bradycardia” method. 

Bacterial synthesis of vitamin B, in the intestine has been found to be an 
unimportant factor with the basal diet used, the quantity excreted in faeces 
amounting to about 0-5-1-51.v. daily (depending on the bulk of the faeces). 
Data for faecal outputs have been corrected for this small bacterial synthesis. 

The principal conclusions may be summarized as follows: 

(1) The urinary excretion of vitamin B, was found to increase with increased 
dietary intake. On vitamin B,-deficient diets the amount excreted was about 
0-1-0-4 1.v. daily (part of which had been derived from the body reserves). With 
adequate intakes, i.e. 7-5-311.v. daily, the urinary outputs increased from 
0-6-12-8 1.0. With activated acid clay as the source of vitamin B,, the maximum 
daily output observed was in the region of 90 I.v. 

(2) The faecal excretion of vitamin B,, apart from the small constant output 
attributable to bacterial synthesis, was insignificant with intakes of less than 
30 1.u. daily. Incomplete absorption of the vitamin occurred when this level of 
intake was exceeded, the faecal output increasing as the intake became higher. 

(3) The amount of vitamin B, withdrawn from the body reserves on vitamin 
B,-deficient diets was about 2 1.v. daily, of which about 90% was destroyed in 
metabolism and 10% excreted in the urine. 

(4) When the vitamin was injected subcutaneously in large amounts (250 I.U.) 
about 75 % was excreted in the urine and there appeared to be little excretion of 
the vitamin into the intestinal tract. 

(5) At high levels of intake (about 100-700 I.v. per day), about 30 1.U. were 
unaccounted for in the urinary and faecal excretion per day most of which was 
probably destroyed in metabolism. 


I am very grateful to Dr L. J. Harris for his kind interest and invaluable 
advice. 
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THE genus Fusarium (Link) is one of the most important genera of fungi from 
the economic standpoint. Species in the genus are distributed on plants, 
animals, raw materials, excreta and in soil and water, and many of them play 
an important part from the phytopathological point of view as causative agents 
of plant diseases. During recent years the classification of species in the genus 
has engaged the attention of many mycologists, notably Appel & Wollenweber 
[1910], Sherbakoff [1915], Brown & Horne [1924], Wollenweber [1931] and 
Wollenweber & Reinking [1935]. As one basis of classification the very varied 
colours of many species of Fusarium have been used, the colours ranging from 
yellow, orange, red, purple to blue according to species. The opinion has been 
expressed by many investigators that the colour of the culture is a function of 
the pH of the medium, so that one and the same culture may be orange or yellow 
coloured at an acid reaction, the colour changing to red or blue when the 
medium becomes alkaline. Several attempts have been made to isolate the 
different pigments in a state of chemical purity, but, with one possible exception 
which will be referred to later, without success. Bessey [1904] investigated the 
conditions of pigment formation by Fusarium culmorum (W. G. Smith) Sace. 
Bessey isolated a pigment in a crude form and showed that it is yellow in colour 
when the medium is acid, changing to red and violet when the reaction is neutral 
or alkaline and vice versa. These conclusions were confirmed by Seliber [1910] 
and Butler [1926] working with other species of Fusarium. Bezssonoff [1914], 
working with an organism to which he gave the name F. orobanchus (this 
organism is not listed by Wollenweber & Reinking [1935]), claimed to have 
isolated two crystalline pigments, which he described as a yellow anthocyanin- 
like substance and a red carotene-like substance. No melting points or other 
physical characteristics other than solubilities were given, nor were any chemical 
analyses recorded. Further observations on the conditions governing pigment 
formation by species of Fusarium are recorded by Smith & Swingle [1904], 
Appel & Wollenweber [1910], Wollenweber [1914], Reinking & Wollenweber 
[1927], Brown & Horne [1924], and Brown [1926; 1935}. 

In the work about to be described a successful attempt has been made to 
isolate in a crystalline form and in a state of chemical purity the pigments 
present in F. culmorum (W. G. Smith) Sace. and related forms. F. culmorum 
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is widely distributed and is one of the causative agents of foot rot in wheat. All 
the strains and forms related to F. culmorum which were examined produced a 
brilliant carmine-coloured pigment on a variety of different media, the colour of 
the pigment changing on acid media to a golden yellow colour, and on alkaline 
media to a purple colour. 

Two different pigments were isolated, one a beautifully crystalline red pig- 
ment for which the name rubrofusarin is proposed, and the other a golden 
yellow micro-crystalline pigment which has been termed aurofusarin. Rubro- 
fusarin and aurofusarin were isolated, in amounts varying with the species 
used and with the cultural conditions employed, from the dried mycelium of 
two different strains of F. culmorum (W. G. Smith) Sacc., from F. culmorum 
(W. G. Smith) Sacc. var. cereale (Cke.) Wr., from F'. culmorum (W. G. Smith) Sace. 
var. lethaewm Sherb., and from F. graminearum Schwabe. In addition to 
rubrofusarin and aurofusarin a colourless crystalline substance for which the 
name culmorin is proposed was isolated from the dried mycelium of one strain of 
F. culmorum. 

Rubrofusarin, C,;H,,0;, is a monomethyl ether containing one methyl group 
and two active hydrogen atoms, and from it the following crystalline derivatives 
were prepared: the mono- and di-acetates, the mono- and di-methyl ethers, 
dibromorubrofusarin, nor-rubrofusarin (i.e. demethylated rubrofusarin), nor- 
rubrofusarin diacetate and the ferrichloride of rubrofusarin dimethyl ether. 
The opinion is tentatively expressed that rubrofusarin, in spite of its red colour 
(nor-rubrofusarin is golden yellow in colour) may be the monomethy] ether of a 
methyltrihydroxyxanthone, isomeric but not identical with ravenelin recently 
described as a metabolic product of Helminthosporium Ravenelii Curtis (Raistrick 
et al. 1936). Rubrofusarin does not give any marked colour changes with different 
alkalis and hence is not the pigment responsible for the colour changes at different 
pH values of cultures of Fusarium culmorum. 

Aurofusarin, Cyg5H 90,2, is a dimethyl ether and the following crystalline 
derivatives were prepared: the dibenzoate, di-p-bromobenzoate and dianisate; 
reduced aurofusarin, C3)9H,,0,., and its hexabenzoate, hexa-p-bromobenzoate 
and hexa-anisate. Owing to the slight. solubility of aurofusarin and all its de- 
rivatives in almost all solvents, great difficulty was experienced in determining 
the molecular weight of aurofusarin. The empirical formula C,,H490,, is therefore 
tentatively suggested with the reservation that future work may show the need 
for altering it. On treating aurofusarin with alkalis or alkaline earths, insoluble 
highly pigmented compounds were obtained, the colours of which vary from 
wine-red with MgO to dark blue with KOH. It thus appears fairly certain that 
the different colours recorded by many authors for cultures of the same strain of 
Fusarium culmorum and related forms under different cultural conditions are 
due to the presence of aurofusarin, the colour of which in the medium is deter- 
mined partly by the pH of the medium and partly by the available bases present 
in the medium. 

Culmorin, C,;Hjg0,, was obtained in beautiful colourless needles. It is a 
neutral substance, containing two active hydrogen atoms, and the two oxygen 
atoms must be present as hydroxyl groups since a crystalline diacetate, and a 
crystalline di-p-bromobenzoate were prepared. 

This investigation is being extended to other species of Fusarium, and work is 
in progress having as its object the elucidation of the molecular structures of 
rubrofusarin, aurofusarin and culmorin. 
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EXPERIMENTAL 
History of the species used 


(1) Fusarium culmorum (W.G. Smith) Sacc., L.S.H.T.M. Catalogue No. F. 16, 
received from Prof. W. Brown, Imperial College of Science and Technology, 
London, November 1934. Isolated by Dr G. W. Padwick from blighted wheat 
seedlings in November 1934 (Cat. No. F. 209). 

(2) F. culmorum, Cat. No. F. 17. 

(3) F. culmorum (W. G. Smith) Sace. var. cereale (Cke.) Wr., Cat. No. F. 18. 

(4) F. culmorum (W. G. Smith) Sace. var. lethaeum Sherb., Cat. No. F. 19. 

(5) F. graminearum Schwabe, Cat. No. F. 29 received from Dr G. W. 
Padwick, November 1935. Isolated from a wheat ear at New Norway, Alberta 
in 1929. 

Cultures F. 17, F. 18 and F. 19 were purchased from the Centraalbureau 
voor Schimmelcultures, Baarn, Holland, in March 1935. 

Stock cultures of these organisms were maintained throughout the work 
either on a potato-agar medium of the following composition: broth from 200 g. 
potatoes; glucose, 15 g.; agar-agar, 20 g.; H,O, to 1 litre, or on a soil medium 
containing 200 g. fine sieved soil, 10 g. finely ground maize meal and 80 ml. H,O 
in a 500 ml. Erlenmeyer flask. This medium was recommended to us by Dr G. W. 
Padwick. 

Cultural conditions 


Preliminary experiments on the optimum conditions for growth of, and 
pigment production by, F. culmorum (Cat. No. F. 16) showed that highly pig- 
mented but differently coloured growths could be obtained on a variety of media 
over a wide range of cultural conditions. Difficulties were met with owing to the 
fact, which is so often experienced in working with different species of Fusarium, 
that the cultures very readily gave rise to saltants. The optimum temperature 
for growth and pigment production was found to be 24°. Good growth and 
pigment production were observed on both Czapek-Dox and Raulin-Thom media 
adjusted to an initial pH varying from 4 to 9, but rubrofusarin and aurofusarin 
were found to be produced in larger yield and in a higher state of purity on 
Raulin-Thom medium than on Czapek-Dox medium. It was also found that 
while both pigments are produced on Raulin-Thom medium adjusted to an 
initial pH of 4, 5, 6, 7, 8 and 9, rubrofusarin is produced in the largest yields at 
pH 8, while aurofusarin is produced in the largest yields and in a form most 
easily isolated in a pure condition at pH 4. 


Preparation, properties and derivatives of rubrofusarin 


The medium used for the preparation of rubrofusarin was a Raulin-Thom 
medium of the following composition: glucose, 75 g.; tartaric acid, 4 g.; di- 
ammonium tartrate, 4 g.; (NH,),.HPO,, 0-6 g.; K,CO,, 0-6 g.; MgCO,, 0-4 g.; 
(NH,),SO,, 0-25 g.; ZnSO,,7H,O, 0-07 g.; FeSO,,7H,O, 0-07 g.; distilled water, 
1500 ml. 350 ml. of this medium were distributed in each of 100 one-litre conical 
flasks and after sterilization the requisite amount, previously determined, of 
sterile 2N NaOH was added to each flask to bring the pH to 8-0. Each flask 
was sown with a suspension of F. culmorum washed from a potato-dextrose-agar 
slope about 17 days old, one slope being used for sowing two flasks. The flasks 
were incubated at 24° in the dark until the glucose content was practically zero, 
usually 23-25 days. With F. 16 there was a good undulating surface growth of 
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mycelium varying in colour from yellow, yellow-brown to a dark greenish grey 
hue with occasional pink or red patches often round the edge in contact with the 
glass. The mycelium was filtered, washed, pressed, dried in vacuo and ground to 
a fine powder in a coffee mill. It was then extracted with light petroleum, 
B.P. 40—50°, until the extracts were colourless. Rubrofusarin separated from the 
petroleum in the form of glistening bronze plates. This was filtered, washed, 
dried and weighed. The yields of crude rubrofusarin obtained in a number of 
typical experiments at different initial pH values and with different strains of 
F. culmorum and related species are given in Table I. 100 flasks were used in 
each case. In all about 25 g. of rubrofusarin have been prepared. 


Table I 
Weight Weight 
Strain of Initial Incubation Weight of of crude of crude 
F. culmorum pH of period mycelium fat rubrofusarin 
Cat. No. medium in days g. g. g. 
F. 16 4 39 443 70 0-15 
F. 16 5 34 485 85 0-85 
F. 16 6 34 480 120 2-30 
F. 16 7 23 457 124 3-59 
F. 16 8 25 417 101 5-16 
F. 16 9 26 480 106 Trace 
F. 16 9 28 382 104 0-85 
F.17 8 34 397 89 0-38 
F. 18 8 35 21 71 0-14 
F. 19 8 38 335 76 0-39 
F. 29 t 40 414 75 0-10 
F. 29 8 22 520 140 3-09 
F. 29 8 22 500 133 3-80 
F. 29 8 21 515 150 4-40 


The crude rubrofusarin was purified by recrystallization from light petroleum, 
B.P. 80—-100°, benzene or ethyl alcohol, from which solvents it separates in red 
crystals appearing as glistening plates in the solvent, and as orange-red blunt- 
ended needles under the microscope. Rubrofusarin contains no N, § or Cl. 
(Found (Schoeller) on different samples crystallized from different solvents and 
dried to constant weight in vacuo at 105°: (a) C, 66-40, 66-26; H, 4-56, 4-38; 
CH,O, 11-12, 10-91%. (b) C, 66-17, 66-11; H, 4-62, 4-60; CH,O, 11-16, 11-18%. 
C,;H,.0;, ie. C4H,O,(OCH,) requires C, 66-15; H, 4-44; CH,O, 11-40%. Mol. wt. 
cryoscopic in phenol (Dr A. E. Oxford), 274. C,;H,.0; requires 272.) 

On oxidation with chromic acid (Kuhn-Roth method) evidence of the 
presence of one side-chain methyl group was obtained (found: 101-4 and 107-0% 
of one CH,.COOH). 

Active hydrogen (Roth). In pyridine 5-700 mg. gave 1-07 ml. methane at 21° 
and 1-20 ml. at 95°, corresponding to 2-28 and 2-56 active hydrogen atoms 
respectively. ; 

Rubrofusarin melts at 210-211° to a deep red liquid and readily sublimes 
unchanged in a high vacuum. It is slightly soluble in all the usual organic 
solvents, forming orange-coloured solutions. 0-5 g. dissolved in 225 ml. boiling 
alcohol, in 37 ml. boiling benzene and in 680 ml. boiling light petroleum (80- 
100°) and from these solvents there separated on cooling 0-42, 0-42 and 0-43 g. 
respectively. It is insoluble in water and HCl. It dissolves in conc. NH,OH to 
give a bright yellow solution. It is apparently only slightly soluble in NaOH 
and KOH, but this is probably due to the slight solubility of the sodium and 
potassium salts in NaOH and KOH, since the red colour of rubrofusarin changes 
to yellow on the addition of these alkalis. It gives a colourless or very pale straw 
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coloured solution in concentrated H,SO, which becomes a deep reddish brown 
on the addition of K,Cr,0,. An alcoholic or aqueous alcoholic solution gives a 
greenish brown colour with FeCl,. 

Rubrofusarin monoacetate C,,H,0;(OCH;)(O.COCH,). Rubrofusarin (0-3 g.), 
fused sodium acetate (0-4 g.), acetic anhydride (2-5 ml.) and glacial acetic acid 
(1-2 ml.) were heated at 140-150° for 20 min. The deep red solution became 
greenish brown in colour. After cooling, water (15 ml.) was added and the 
greenish yellow solid was filtered, washed and dried, wt. 0-3 g. It was crystallized 
from glacial acetic acid, benzene and finally from glacial acetic acid, as large 
golden yellow hexagonal prisms, M.P. 211°, to a red liquid. (Found (Schoeller) : 
C, 64-89, 64-84; H, 4-59, 4-73; OCH,, 9-24, 950%. C,,H,,0, requires C, 64-94; 
H, 4-49; OCH,, 9-88%.) Acetyl estimations (Roth) indicated the presence of 
one acetyl group. 

Rubrofusarin diacetate, C,,4H,0,(O0CH;)(0.COCH;),. A mixture of rubro- 
fusarin (0-5 g.), acetic anhydride (7 ml.) and pyridine (4 ml.) was heated for 
4 hours on the steam-bath. The yellow crystalline product which separated 
was filtered after cooling overnight, wt. 0-4g. It was recrystallized from 
glacial acetic acid and finally from dioxan; almost colourless rods, M.P. 260°. 
(Found (Weiler): C, 64-36, 64-12; H, 4-58, 4:37; OCH, (macro-estimation), 
8-58 %. C, ,H,,0, requires C, 64-03; H, 4-53; OCH,, 8-71 %.) 

Rubrofusarin monomethyl ether, C,,4H,0O,(OCH;),. Rubrofusarin (0-5 g.) was 
dissolved in boiling benzene (250 ml.), the solution cooled and an excess of an 
ethereal solution of diazomethane added. The orange-coloured solution im- 
mediately became a deep brownish purple, and there was a feeble evolution of 
nitrogen. When it was allowed to stand overnight, the colour became golden 
yellow. The solution was filtered, the solvents removed in vacuo and the 
residual yellow solid washed with a little cold methyl alcohol which removed 
some sticky material, wt. 0-33 g. It was recrystallized first from 60°% aqueous 
dioxan, then from 50% benzene-light petroleum and finally from 60° aqueous 
*dioxan with charcoal; clusters of very pale yellow needles, M.p. 203—204° to a 
dark brown melt. In contradistinction to rubrofusarin itself this monomethyl 
ether is readily soluble in dilute NaOH giving a reddish orange-coloured 
solution. It dissolves in cone. HCl to give a crimson solution from which there 
separates a red crystalline ferrichloride on the addition of a solution of FeCl, 
in HCl. (Found (Schoeller) : C, 67-16, 67-20; H, 4-90, 5-06; CH,O, 21-57, 21-56%. 
C,,H,,0; requires C, 67-11; H, 4-93; CH,O, 21-69 % .) 

Rubrofusarin dimethyl ether, C,,H,0,(OCH;),. Rubrofusarin monomethyl 
ether (0-3 g.), suspended in acetone (10 ml.) was mixed with dimethyl sulphate 
(5 ml.); a deep red colour developed. The mixture was shaken with 2N NaOH, 
and during the reaction a crystalline product separated. After dilution with 
an equal volume of water, rubrofusarin dimethyl ether was filtered, washed with 
water and dried; wt. 0-28 g. It crystallized from 60° aqueous methyl alcohol 
(charcoal) in glistening colourless needles, M.p. 187-188°. It forms a yellow 
solution with a green fluorescence in methyl alcohol. It is quite insoluble in 
NaOH even on boiling, but readily dissolves in cone. HCl yielding a crimson 
solution and gives a crystalline ferrichloride (see below). (Found (Weiler): 
C, 68-03, 68-28; H, 5-38, 5-57; OCH, (macro), 30-54%. C,,H,,0; requires C, 
67-98; H, 5-37; OCH;, 31-01%.) 

Dibromorubrofusarin, C,;H,0;Br,. To a boiling solution of rubrofusarin 
(0-1 g.) in glacial acetic acid (8 ml.) were added 4 ml. of approximately N/2 Br 
in glacial acetic acid. The bromo-derivative started to separate immediately 
and HBr was evolved. After cooling it was filtered and crystallized from glacial 
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acetic acid and then from dioxan; long red needles, M.p. 244° (decomp.). The 
crystals from dioxan separate with } molecule of dioxan of crystallization which 
is lost on drying at 120-125° in high vacuum. (Found (Schoeller), on material 
dried to constant weight at 120-125° in vacuo: C, 41-67; H, 2-34; Br, 37-52; 
CH,0, 7-09 %. C,;H,)90;Br, requires C, 41-87; H, 2°34; Br, 37-17; CH,O, 7-22 % .) 

Nor-rubrofusarin, C,4H,)O;. Rubrofusarin (0-4 g.) and concentrated HI 
(20 ml.) were heated in the Zeisel apparatus at a bath temperature maintained 
at 95-100° for 5 hours. The cold mixture was poured into water, filtered, 
triturated with sodium thiosulphate solution, washed with water and dried, 
wt. 0-37 g. The product crystallized from aqueous dioxan (75 % dioxan) in long 
golden yellow rods which blackened but did not melt at 280°. It is readily 
soluble in cold dilute NaOH, forming a deep yellow solution, and in Na,CO, to 
give a deep yellow solution which soon darkens in air to a very dark brown. It 
is insoluble in sodium acetate and in sodium bicarbonate. Its golden-coloured 
alcoholic solution becomes a dark brownish green on addition of dilute FeCl,. 
(Found (Schoeller): C, 64-95, 64-95; H, 3-92, 4.06%. OCH, nil. C,,H,,0; 
requires C, 65-10; H, 3-91 %.) 

Active hydrogen (Roth). In pyridine 6-525 mg. gave 1-70 ml. methane at 
21° and 1-74 ml. at 95°, corresponding to 3-00 and 3-07 active hydrogen atoms 
respectively. 

Nor-rubrofusarin diacetate, C,4HgO;(COCH;),. Nor-rubrofusarin (0-2 g.), fused 
sodium acetate (0-4 g.), acetic anhydride (1-4 ml.) and glacial acetic acid (0-8 ml.) 
were heated at 140—150° for 20 min. The cooled melt was treated with water 
(30 ml.) and the product filtered, washed and dried ; wt. 0-25 g. It was crystallized 
from glacial acetic acid, then benzene and finally glacial acetic acid; clusters 
of deep golden yellow flat needles, soluble in NaOH, m.P. 204° to a red liquid. 
(Found (Schoeller) : C, 63-01, 63-04; H, 4-30, 434%. C,,H,,0, requires C, 63-14; 
H, 4:12%.) Acetyl estimations (Roth) indicated the presence of two acetyl 
groups. 

Nor-rubrofusarin dimethyl ether (identical with rubrofusarin monomethyl 
ether). Nor-rubrofusarin (0-35 g.), finely powdered and suspended in benzene 
(250 ml.) was treated with an excess of ethereal diazomethane and allowed to 
stand for 2 days. About half of the nor-rubrofusarin dissolved. After filtration 
the deep yellow solution was evaporated in vacuo, the residue rubbed up with a 
little cold methyl] alcohol and the product purified as described for rubrofusarin 
monomethyl ether; clusters of very pale yellow needles, M.P. 203°, alone or 
mixed with rubrofusarin monomethy] ether. 

Rubrofusarin dimethyl ether ferrichloride. A solution of ferric chloride (0-3 g.) 
in cone. HCl (3 ml.) was poured into a stirred solution of the dimethyl 
ether (0-1 g.) in cold glacial acetic acid (5 ml.). The ferrichloride crystallized at 
once in dark red prisms. It crystallized from glacial acetic acid in maroon- 
coloured prisms, M.P. 183-184° decomp. (Found (Schoeller): C, 41-14; H, 3-57; 
Fe, 10-91, 10-89%. C,,H,,0;FeCl, requires C, 40-90; H, 3-44; Fe, 11-19%.) 


Preparation, properties and derivatives of aurofusarin 


The medium used for the preparation of aurofusarin was the same as was 
used for the preparation of rubrofusarin except that the pH (about 4-0) was not 
adjusted. The cultural conditions were also the same and the flasks were taken 
off after about 40 days. There was a good thick corrugated surface felt with 
colours ranging through red, pink and salmon to yellow. The dried powdered 
mycelium was first exhaustively extracted with light petroleum, B.P. 40—50°, to 
extract fat and small amounts of rubrofusarin. It was then air-dried and 
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reground. 175g. portions of this material were shaken for 2 min. with 600 ml. of 
cold CHCl, and then filtered. The process was repeated once. On standing, there 
separated from the cold CHCl, extracts considerable amounts of almost pure 
aurofusarin. The mycelium was now exhaustively extracted with boiling CHCl, 
under reflux until the whole of the pigment had been extracted. The chloroform 
solutions were evaporated in vacuo and set aside to crystallize. The yields of 
crude aurofusarin obtained in a number of typical experiments at different 
initial pH values are given in Table II. 100 flasks were used in each case. It 
was found, on treating the light petroleum-extracted mycelium from the pre- 
paration of rubrofusarin, i.e. mycelium grown on a medium with an initial pH 
of 7-8, that the chloroform extracts were very dark in colour and contained 
aurofusarin in solution as a salt or other metallic complex. On shaking the 
chloroform solution with excess of mineral acid the colour of the solution 
lightened considerably and it was found possible to isolate fair amounts of 
aurofusarin, but in a very much less pure condition than the material isolated 
from mycelium grown at an initial pH of 4-0. Of all the strains used F’. gramine- 
arum, Cat. No. 29, is the only one which gives good yields of both rubrofusarin 
and aurofusarin when grown at an initial pH of 8. 


Table IT 
Weight Weight 
Strain of Initial Incubation Weight of of crude of crude 
F. culmorum pH of period in mycelium fat aurofusarin 
Cat. No. medium days g. g. g- 
F. 16 4 39 443 70 19-7 
F. 16 5 34 485 85 13-2 
F. 16 6 34 480 120 5°85 
F. 16 7 34 435 80 1-25 
F. 16* 6 34 181 38 0-80 
Bi 1% t 47 289 50 2-55 
F. 18 4 61 324 45 9-1 
F. 19 4 51 396 70 7-6 
F. 29 + 40 414 75 18-1 
F. 29 8 22 520 140 19-4 
F. 29 8 22 500 133 19-0 


* Potato 1-5% dextrose medium. 


The crude aurofusarin was purified by repeated recrystallization from glacial 
acetic acid using charcoal in one of the recrystallizations. It separates from this 
solvent in characteristic orange-yellow blunt-ended prisms. It contains no N, 
S or Cl. 

Analysis of aurofusarin. Great difficulties were experienced in arriving at an 
empirical formula for aurofusarin because of the impossibility of removing 
quantitatively the solvent of crystallization, and also because of the conflicting 
results obtained in molecular weight estimations (see later). Five different 
samples, dried to constant weight in vacuo at 140°, gave the following results 
(Schoeller), each sample being analysed in duplicate: C, 61-31% (average of 
10 analyses—limits 61-08-61-44 %); H, 3-41% (average of 10 analyses—limits 
3-28-3-53 %); OCH,;, 10-45% (average of 5 analyses—limits 10-36—10-52 %). 
C59H 90,2, H,O requires C, 60-99; H, 3-76; two OCH,, 10-52%. 

The alkoxy-group was identified as methoxyl by the formation of the typical 
crystalline trimethylanilinium iodide, having the theoretical iodine content, with 
dimethylaniline. 

Active hydrogen (Roth): (a) in pyridine 7-907 mg. gave 0-51 ml. methane at 
22° and 0-60 ml. at 95°; (6) in anisole 7-366 mg. gave 0-47 ml. methane at 22° 
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and 0-56 ml. at 95°. These values correspond to 1-99 and 2-00 active hydrogen 
atoms in pyridine and anisole respectively for the formula C3)5H,.0,;. 

On heating, aurofusarin darkens in colour at high temperatures but does 
not melt below 360°. It is only very slightly soluble in most of the usual solvents 
and is insoluble in water. It dissolves to the extent of 0-1 % in boiling glacial 
acetic acid, 0-05°% in boiling chloroform or dioxan and about 5% in boiling 
nitrobenzene. It dissolves readily in molten phenol, m-cresol and guaiacol, 
giving deep blood-red solutions. It gives a deep brownish red colour when dis- 
solved in cold concentrated H,SO,. 

On treatment with various alkalis it does not appear to dissolve, but the 
colour of the crystals changes from orange-yellow to colours varying from red to 
blue according to the alkali used. Aurofusarin gives a characteristic reaction 
under the following conditions. A saturated solution in chloroform, golden 
orange in colour, was shaken with equal volumes of solutions or suspensions 
of various alkalis. The highly coloured emulsions so formed were centrifuged. 
With NaOH, Ca(OH),, Ba(OH), and Mg(OH), the aqueous phase was colourless 
while the chloroform layer was intense violet, reddish pink, violet and intense 
scarlet in colour respectively. With NH,OH both the aqueous and CHCl, layers 
were deep dull red in colour. With KOH, which gave a deep blue emulsion, the 
chloroform layer was colourless while the aqueous layer was pale reddish brown 
in colour. It will be noticed that in almost all cases a characteristic colour is 
present in the chloroform solution, indicating that the metallic complex, whether 
a salt or otherwise, is more readily soluble in chloroform than in water. This 
offers an explanation for the fact recorded on p. 391 that when mycelia grown 
at pH 8 are extracted with chloroform, the aurofusarin, as a salt or other metallic 
complex, is readily extractable. 

Aurofusarin benzoate. A suspension of aurofusarin (1 g.) in pyridine (10 ml.) 
was treated with benzoyl chloride (4 ml.) for } hour at room temperature. The 
aurofusarin soon dissolved and the solution became very dark. After filtration, 
the filtrate was poured on to ice, and the dark brown oil separating soon hardened. 
It was filtered, rubbed with eti.cr, and the yellow solid so obtained was ground 
with bicarbonate solution, filterec, washed with water and dried in vacuo. The 
crude product, which was readily soluble in CHCl, was crystallized from benzene 
(charcoal), in which it is also very soluble. The substance which separated from 
the very dark solution was twice crystallized from benzene (charcoal) in which 
its solubility had now decreased considerably. It was obtained as yellow plates, 
which gave a negative chloroform-NaOH reaction. On drying to constant weight 
at 155—160° it shrank and melted to a gum at 212-215°. It apparently contained 
1 molecule of benzene of crystallization which was lost on drying. (Found 
(Schoeller) on material dried to constant weight in vacuo at 155—160°: C, 67-31, 
67-34; H, 3-38, 3-36; OCH; (macro), 7-81, 7-78%. CyyH».0,4, ie. dibenzoate of 
C39H290,2, requires C, 67-67; H, 3-62; OCH,, 7-95 %.) 

Aurofusarin p-bromobenzoate. A suspension of aurofusarin (1 g.) in pyridine 
(10 ml.) was treated with 4g. of p-bromobenzoyl chloride and was stirred 
occasionally during 5 hours. Pyridine (5 ml.) was then added and the mixture 
left for a further 2} hours. It was filtered and the filtrate poured into ice. The 
solid so obtained was washed with water, then with ether, ground with bicar- 
bonate solution, filtered, washed with water and ether and dried in vacuo over 
sulphuric acid. The crude product which was obtained in very good yield was 
crystallized thrice from benzene, exactly as described for the benzoate, and was 
obtained in yellow prisms which decomposed at 304°. It was apparently 
free from solvent of crystallization and gave a negative chloroform-NaOH 
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reaction. (Found, on substance dried to constant weight in vacuo at 160° 
(Weiler): C, 56-12, 56-32; H, 2-77, 2-94%. (Schoeller): C, 56-33, 56-44; H, 2-64, 
2:62; Br, 16-82, 16-80; OCH, (macro), 6-65 °%,. C,.,H,,0,,Brz, i.e. the di-p-bromo- 
benzoate of Cy9H590,., requires C, 56-28; H, 2-79; Br, 17-04; OCH,, 6-62 % .) 

Aurofusarin anisate. A suspension of aurofusarin (1 g.) in pyridine (10 ml.) 
was treated with anisoyl chloride (5 ml.) and stirred for 1} hours. The mixture 
was filtered and worked up as described for the benzoate and gave a very good 
yield of crude product. It was dissolved in hot benzene in which it was exceed- 
ingly soluble, and hot petroleum (B.P. 80-100°) was carefully added until there 
was only a faint turbidity; this was cleared by a drop of benzene, and the whole 
was allowed to cool slowly. The product separated as a heavy dark brown oil, 
which crystallized after standing for 2 days. The solid was removed, washed 
with benzene and crystallized thrice from benzene as previously described. The 
anisate formed small yellow prisms, which apparently contained benzene of 
crystallization. After drying to constant weight in vacuo at 155-160°, the 
product shrinks to a gum at 205°. The chloroform-NaOH reaction was negative. 
(Found (Weiler) on substance dried to constant weight in vacuo at 160°: C, 
65-66, 65-67; H, 3-82, 3-87; OCH, (macro), 14-89%. Cy gH .0j¢, ie. the dianisate 
of Cy9H50,., requires C, 65-70; H, 3-84; OCH,, 14-77%.) 

Reduced aurofusarin. Aurofusarin (5-05 g.) dissolved in m-cresol (110 ml.) was 
hydrogenated in the presence of palladized charcoal. The reaction required 20— 
30 min., and 385 ml. of H, (at N.T.P.) were absorbed, after allowing for the blank 
of the m-cresol. Calculated for an uptake of 4H by Cy9Ho 0,2, HzO > Cy9Ho,0,., 
383 ml. Several repeat experiments gave similar results. The very dark coloured 
solution was filtered, the charcoal washed with m-cresol, and the reduction 
product carefully precipitated by the addition of ether; yield, almost theoretical. 
The crude reduction product crystallized from dioxan in dark chocolate-brown 
elongated rhomboids which contained dioxan of crystallization and did not melt 
below 360°. (Found (Schoeller) on 3 different samples dried to constant weight 
in vacuo at 110°: C, 62-27% (average of 6 analyses—limits 62-13-62-49 %); 
H, 3-86 % (average of 6 analyses—limits 3-80-3-94%); OCH, (macro), 10-82% 
(average of 4 analyses—limits 10-71—-10-91%). Cs9H,,0,. requires C, 62-47; H, 
4-20; 20CH;, 10-76 % .) 

Reduced aurofusarin is slightly soluble in alcohol, giving a brown-coloured 
solution which becomes definitely darker on the addition of FeCl,. A CHCl, 
solution of reduced aurofusarin, when shaken with aqueous solutions of alkalis 
or alkaline earths, gives a range of colours, both in the CHCl, and aqueous layers, 
which is very similar to that given by aurofusarin under the same conditions. 

Action of phenylhydrazine on aurofusarin. Aurofusarin (0-5 g.) dissolved in 
cold m-cresol (10 ml.) was treated with phenylhydrazine (1 g.) and the mixture 
stirred. Almost at once there was an evolution of gas, which was not CQ,. 
The mixture was left for 1 hour and then heated to 100° for 15 min. After 
cooling, ether was added and the product was worked up exactly as described 
under reduced aurofusarin. The substance so obtained appeared to be identical 
in every respect with reduced aurofusarin, both in its analysis and in its colour 
reaction with chloroform and alkali. 1t crystallized from dioxan in the same 
shaped crystals which contained dioxan of crystallization, and the latter was 
lost on exposure to air. It contained no nitrogen. (Found (Schoeller) on material 
dried to constant weight in vacuo at 100°: C, 62-28, 62-43; H, 3-79, 3-87; OCH, 
(macro), 11-00%. CsgH,,0,. requires C, 62-47; H, 4-20; 20CH,, 10-76%.) 

Benzoate of reduced aurofusarin. Reduced aurofusarin (1 g.) suspended 
in pyridine (10 ml.) was treated with benzoyl chloride (4 ml.). After standing 
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for 2 hours at room temperature the crude benzoate (1-85 g.) was isolated as 
described for aurofusarin benzoate. It was crystallized from nitrobenzene-ether, 
pyridine-ether, and finally from pyridine (charcoal); glistening, almost colour- 
less, diamond-shaped plates, M.P. decomp. 368-369°. (Found (Weiler): C, 71-97, 
71-97; H, 4-00, 4:18; OCH, (macro), 5-28%. Cj.H4,0,,, i.e. hexabenzoate of 
CypH.,0,2, requires C, 71-97; H, 4:03; OCH,, 5-17%.) An identical benzoate, 
crystallizing in exactly the same form, was obtained by a similar reaction from 
the product obtained from aurofusarin by the action of phenylhydrazine; M.P. 
with decomp. 368-369°; mixed m.P. decomp. 368°. (Found (Weiler): C, 71-89, 
71-96; H, 4-06, 4-10; OCH, (macro), 5-24 %.) 

p-Bromobenzoate of reduced aurofusarin. This was prepared in a similar way 
from reduced aurofusarin (1 g.), pyridine (10 ml.) and p-bromobenzoy] chloride 
(4 g.). The reaction mixture was allowed to stand overnight, and was worked up 
as described for the benzoate ;. yield good. This bromobenzoate is readily soluble 
in hot nitrobenzene or hot pyridine, and it was crystallized from both solvents 
containing some ether. It forms clusters of cream-coloured prisms, M.P. decomp. 
357°. (Found (Weiler): C, 51-86, 51-59; H, 2-71, 2-58; Br, 28-41, 28-64; OCH, 
(macro), 373%. CH .0,,Brg, ie. hexa-p-bromobenzoate of C3>H,,0,., requires 
C, 51-62; H, 2-53; Br, 28-65; OCH;, 3-71 %.) 

Anisate of reduced aurofusarin. A mixture of reduced aurofusarin (1 g.), 
pyridine (10 ml.) and anisoyl chloride (5 ml.) was allowed to stand at room 
temperature overnight and worked up as described for the benzoate ; yield good. 
The substance was crystallized first from nitrobenzene-ether and then from 
pyridine-ether ; nearly colourless clusters of needles, M.p. decomp. 338°. (Found 
(Schoeller): C, 67-78, 67-60; H, 4-34, 4-28; OCH, (macro), 18-01%. CzgHgq0o,, 
i.e. hexa-anisate of C59H,,0,., requires C, 67-81; H, 4:38; OCH,, 17-99%.) 


Molecular weights of aurofusarin and its derivatives 


As previously mentioned, very conflicting results were obtained in molecular 
weight estimations on aurofusarin and its derivatives. The results obtained are 
summarized in Table III, in which the probable values in column 3 are calculated 
on the assumption that anhydrous aurofusarin has one of the empirical formulae 
(a) CypH2992 or (b) Cy3H 90g. 

These results call for the following comments: 

(a) Estimation 1. This estimation of the molecular weight of aurofusarin 
by X-ray analysis was very kindly carried out for us by Miss D. Crowfoot, Somer- 
ville College, Oxford, to whom we offer our best thanks. Miss Crowfoot reported 
“The crystals of aurofusarin are triclinic and the cell molecular weight from the 
X-ray measurements and density is 1140+26. This may be divided among n 
molecules since there are no symmetry limitations in the triclinic system. The 
probable molecular weights corresponding to 2, 3 or 4 molecules present are 
therefore 570 + 13, 380 + 9, 285 + 7. The result is unsatisfactory from the crystallo- 
graphic point of view owing to the unusually difficult crystal structure adopted.” 

(6) Estimations 4, 6, 7, 8, 9, 12 and 13 were carried out by different analysts 
by the Rast camphor method. These results are again unsatisfactory since on the 
same substance, e.g. estimations 6 and 7 and estimations 8 and 9 respectively, 
the two different analysts found widely different values. They do, however, on 
the whole, point in favour of the double formula C,9H3,0,. and against the single 
formula C,;H,0,. 

(c) Estimations 2, 3 and 10 were carried out by Dr A. E. Oxford cryo- 
scopically either in phenol or o-cresol. Superficially these results seem to favour 
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Table ITI 
Estima- Probable 
tion Substance mol. wt. Analyst Method used Result found 
1 Aurofusarin 590 or 295 Miss D. Crowfoot X-ray analysis 1140 +26, 570+13, 
(hydrated) 380 + 9, 285+7 
2 ‘3 590 or 295 Dr A. E. Oxford Cryoscopic in 0- 396 
cresol 
3 ce 590 or 295 i Cryoscopic in 261, 347, 383 
phenol 
4 Aurofusarin benzoate 780 or390 Schoeller Rast camphor 1240, 1420 
method 
5 ag 780 or 390 Dr A. E. Oxford Cryoscopic in 661, 696 
nitrobenzene 
6  Aurofusarin p-bromo- 938 or 469 Weiler Rast camphor 912 
benzoate method 
7 me 938 or 469 Schoeller me 1375, 1275 
8  Aurofusarin anisate 840 or 420 Weiler ” 856 
9 a 840 or 420 Schoeller a 1205, 930, 1010 
10 Reduced aurofusarin 5760r288 Dr A. E. Oxford Cryoscopic in 315, 389, 393 
phenol 
11 Reduced aurofusarin 1674 or 837 a Cryoscopic in 1451 
bromobenzoate nitrobenzene 
12 a 1674 or 837 Schoeller Rast camphor 654, 677 
method 
13. Reduced aurofusarin 1380 or 690 “ x 736, 729 


anisate 


the single formula C,;H,,0, but they point definitely to the conclusion that the 
molecular weight of aurofusarin increases with the concentration of the solution. 
We are agreed with Dr Oxford that because of the well-known properties of 
these solvents, these results should be disregarded. 

(d) Estimations 5 and 11 were carried out by Dr A. E. Oxford cryoscopically 
in nitrobenzene. Both these estimations indicate quite definitely the double 
formula C3 9H, 0). for aurofusarin. 

We believe that the above results indicate, although they certainly do not 
prove conclusively, that aurofusarin has the empirical formula Cj9H)0,., an 
opinion which is supported by the high melting-point of aurofusarin. This 
formula is therefore tentatively advanced. 


Preparation, properties and derivatives of culmorin 


Culmorin has so far been isolated from the dried mycelium of only one 
strain of F. culmorum, i.e. L.S.H.T.M. Cat. No. F. 17. Batches of 100 flasks of 
Raulin-Thom medium (see p. 387), initial pH about 4-0, were sown with F. 17, 
and incubated for 50-60 days. The dried, ground mycelium was exhaustively 
extracted for some days with light petroleum (B.P. 40-50°). Crude culmorin 
contaminated with traces of rubrofusarin separated from the extracts. Experi- 
mental details of 7 batches are given in Table IV. 

The crude culmorin so obtained melted at 173—175°. 
benzene in beautiful thick colourless needles, M.P. 174-175°, and sublimed at 
95-100° in a high vacuum, giving a product which melted at 175°. (Found 
(Schoeller): C, 75-65, 75-65; H, 10-74, 10-84%. OCH;, N, 8, Cl, nil. Mol. wt. 
(cryoscopic in dioxan, Dr A. E. Oxford), 265. C,;H,,0, requires C, 75-57, H, 


11-00%. Mol. wt. 238.) Optical rotation; in CHCl, (e=1-003) [a]3,, —14-45°. 


It crystallized from 


Culmorin contains two active hydrogen atoms since in a Zerewitinoff esti- 
mation (Roth) it afforded 2-01 mol. of CH, in pyridine and 2-03 mol. in anisole. 








396 J. N. ASHLEY, B. C. HOBBS AND H. RAISTRICK 


Table IV 

Incubation Weight of Weight of Weight of Weight of 
period in mycelium crude fat aurofusarin culmorin 

days g. g. g. g. 

47 289 50 2-55 14-2 

65 277 46 2-1 6-0 

62 302 47 2-1 3-45 

51 304 52 1-9 8-7 

54 322 50 1-2 4-1 

51 223 48 — 20-9 

52 307 52 _ 5-4 


r4 


Culmorin is insoluble in water, acids and alkalis. It gives only a negligible 
titration figure in alcoholic solution either with cold or hot NaOH, even on 
standing. An alcoholic solution gives no coloration with ferric chloride and it 
does not reduce Fehling’s solution. It dissolves in concentrated sulphuric acid 
forming a golden yellow solution. Attempts to prepare a phenylhydrazone and a 
semicarbazone failed. 

Culmorin diacetate, C,;H,,0,(CO.CH;).. Pure culmorin (0-6578 g.) was 
acetylated in a quantitative estimation by the Peterson-West method [1927] 
by treatment at 37° for 43 days with 5 g. of a mixture of pyridine (2 pts.) and 
acetic anhydride (1 pt.). Acetic anhydride equivalent to 5-73 ml. N NaOH was 
fixed. Theoretical for two acetylatable groups =5-53 ml. 

The diacetate was filtered from the titration solution, washed with water, 
and dried ; wt. 0-85 g., M.p. 86-90°. It is extremely soluble in all organic solvents, 
including light petroleum. It was finally crystallized by dissolving in cold 
glacial acetic acid and adding cold water until a very faint turbidity appeared. 
The diacetate crystallized in colourless elongated prisms, M.P. 90-91°. It sub- 
limes very easily in a high vacuum at 55° and melts at 93°. (Found (Schoeller): 
C, 70-74, 70-63; H, 9-37, 9-25%. CyyH3 90, requires C, 70-75; H, 9-38 % .) 

Culmorin di-p-bromobenzoate. A mixture of culmorin (0-2 g.) and p-bromo- 
benzoyl! chloride (0-5 g.) was heated at 130-140° for } hour. After cooling, the 
sticky product was dissolved in cold pyridine and water was added slowly. The 
white sticky product slowly hardened on standing and stirring with dilute 
Na,CO,. It was finally powdered, washed with water, dried and crystallized 
from alcohol; thick colourless prisms, M.P. 102-103°. (Found (Schoeller): 
C, 57-66, 57-75; H, 5-36, 5-26; Br, 26-33, 26-48%. Cy9H;.0,Br, requires C, 57-59; 
H, 5-34; Br, 26-48% .) 

SUMMARY 

The colouring matters present in the mycelium of cultures of Fusarium 
culmorum (W. G. Smith) Sace. and related forms have been investigated. Two 
hitherto undescribed crystalline colouring matters have been isolated from all 
forms of F. culmorum examined. They are rubrofusarin, C,;H,.0;, glistening red 
plates, M.p. 210-211°, and aurofusarin, Cyp5H 902, H,O, orange-yellow prisms, 
M.P. above 360°. Various crystalline derivatives of rubrofusarin and aurofusarin 
have been prepared and are described. A third substance, culmorin, C,;H5,0,, 
M.P. 175°, thick colourless needles, was isolated from one strain of F'. culmorum. 


We wish to thank our colleague Dr A. E. Oxford, for much work on the 
determination of the molecular weight of aurofusarin and its derivatives. We 
also express our indebtedness to the Department of Scientific and Industrial 
Research for a grant to one of us (J. N. A.). 
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Amongst the esters of phosphoric acid those of colamine (aminoethanol) and 
choline are of interest on account of their connexion with kephalin and lecithin. 
Like other esters of these bases they are preferably designated phosphoryl- 
aminoethanol, or phosphorylcolamine, and phosphorylcholine to distinguish them 
from the salts, colamine phosphate and choline phosphate. These salts have been 
described by Griin & Limpacher [1926] and by Renshaw [1910]. 

Neither by the interaction of phosphoric acid and phosphorus pentoxide, nor 
of phosphoryl chloride, with choline did Schmidt [1904] obtain a specimen of 
the ester. Langheld [1911] and Abderhalden e¢ al. [1925] tried to obtain the 
ester by the action of trimethylamine on the reaction products of chloroethyl 
alcohol and bromoethyl alcohol with ethyl metaphosphate. This reaction, as we 
have shown [1929] leads to a mixture of products very difficult to separate. 
Renshaw & Ware [1925] failed to obtain the ester by the action of phosphoryl 
chloride on choline, but Renshaw & Hopkins [1929] prepared the choline ester 
of dimethylphosphoric acid. Jackson [1935] isolated an amorphous calcium 
salt by the action of phosphoric acid and phosphorus pentoxide upon choline 
chloride and also obtained tricholyl phosphate from trichloroethyl phosphate. 

There was no record of the preparation of phosphorylaminoethanol at the 
time of the commencement of our experiments, but since our work with this 
compound was completed the isolation of the ester from tumours and its syn- 
thesis have been described by Outhouse [1936]. Our work has been the pre- 
paration of both esters by the action of phosphoryl chloride, phosphoric acid 
and pentoxide, upon choline chloride and aminoethanol and by the action of 
ammonia and trimethylamine upon chloroethylphosphoryl! chloride. The esters 
have been isolated as their calcium or barium salts in pure form and converted 
into the free esters. Their hydrolysis by acid, alkali and phosphatase has been 
investigated. Some further investigations have been made upon chloroethyl 
and hydroxyethyl hydrogen phosphates. 
































EXPERIMENTAL 






Interaction of phosphoryl chloride and aminoethanol 


5 g. of aminoethanol were added, 4-5 drops at a time, to 12-5 g. of ice-cold 
POCI,, and the mixture was kept in a flask connected with NaOH traps to 
absorb HCl for 20 days and subsequently over NaOH and H,SO, for 14 days. 
The resulting yellowish white mass was dissolved in ice-water and the solution 
treated with excess of baryta water till the reaction was alkaline to phenol- 
phthalein and filtered from barium phosphate. Chlorides were removed with 
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a slight excess of silver sulphate, and the solution, freed from silver with H,S, was 
again treated with baryta water and filtered from barium phosphate. The 
solution after concentration in vacuo contained 1-45 g. of combined phosphorus. 
On adding an equal volume of absolute alcohol a crystalline precipitate was 
produced, which was filtered off, washed with 50% alcohol and air-dried. 
Analysis indicated that the crystals were barium phosphorylaminoethanol con- 
taminated with barium carbonate. A further crop of crystals, which became 
sticky in the air, was obtained by adding more alcohol to the filtrate. These 
crystals appeared to be a mixture of the neutral and acid barium salts of 
phosphorylaminoethanol. Recrystallization of these products did not give 
purer preparations. It was not observed till our experiments had been made with 
phosphoric acid and pentoxide that the solution must remain alkaline if a pure 
specimen of the barium salt is to be obtained. 


Interaction of H3;P0,4+ P20; and aminoethanol 


Several experiments were made to ascertain the best conditions for the 
formation of the ester and the most suitable way of isolating the barium or 
calcium salt, which, owing to the basic character of the aminoethanol, was 
easily contaminated with the acid salt or with carbonate. In each experiment, 
5 g. of aminoethanol were added slowly with cooling between each addition 
to a mixture of 4g. of P,O; and 40g. of H,PO, and allowed to stand for 
120 hours or better heated under a reflux on a water-bath for 6 hours. Powdered 
ice was added to dissolve the resulting thick syrup and the solution poured into 
about 1500 ml. of ice-water. Powdered barium hydroxide, or a paste of calcium 
hydroxide, was well shaken with the solution until the reaction was alkaline to 
phenolphthalein. The precipitated barium or calcium phosphate was filtered off 
and washed with dilute baryta or lime water. In one experiment with baryta 
the precipitate was extracted with water and a further quantity of ester was 
obtained: Estimation of the combined phosphorus in the solution showed 
amounts of 0-6 g. in the cold reaction and 2-6 g. when heated, and up to 4-1 g. 
when the precipitate was extracted. With calcium hydroxide the amount was 
1-75 g. The yield of ester was thus almost quantitative in one experiment. The 
solutions were evaporated in vacuo to a volume of 100-200 ml. 

Barium salt. This salt was precipitated on adding slowly an equal volume of 
alcohol. If the reaction was only faintly alkaline a crystalline precipitate was 
formed, which after washing with 60% alcohol was sticky and on analysis was 
found to consist of the neutral salt mixed with some acid salt. If the reaction 
was not alkaline an oil was precipitated. It was found best to redissolve the 
precipitate with the addition of a few ml. of conc. HCl and to add to the alcoholic 
solution clear baryta water and more alcohol keeping the reaction just alkaline 
to phenolphthalein. Shining platelets then separated out. A further small crop 
was obtainable on concentrating the filtrate in vacuo and treating it in the 
same way. In one experiment a yield of 24 g. was obtained =94 %. 

Analysis. Found: N, 4:24; P, 9-49; Ba, 41:71; H,O at 100°, 10-8%. 
C,H,O,NPBa,3H,O requires N, 4:24; P, 9-39; Ba, 41-51; H,O, 16-36%. 

Except for water of crystallization the figures are in agreement. As in the 
case of other esters of phosphoric acid all water is probably not evolved at 
100°. 

Purification by solution in water and addition of alcohol gave specimens 
containing barium carbonate or some acid salt. The purest specimens of the salt 
were obtained by dissolving in water, passing in CO,, evaporating to a smaller 
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volume in vacuo, filtering from BaCO, and adding alcohol until an oily pre- 
cipitate began to form. On now adding clear baryta water and also more alcohol, 
keeping the solution alkaline, shining platelets were precipitated. These were 
rapidly filtered off and washed with 50%, 60% and absolute alcohol. Found: 
N, 4:18; P, 9-29; Ba, 41-69; H,O, 10-57 %. The water of crystallization is again 
too low. 

Acid barium salt. 20 g. of a mixture of neutral and acid barium salts from 
another preparation were dissolved in water, CO, passed into the solution, and 
the whole evaporated in vacuo. To the filtered solution absolute alcohol was 
added till oil separated out. The alcoholic layer was decanted and the oil covered 
with fresh alcohol. On allowing to stand for 3-4 weeks the oil gradually hardened 
and finally crystallized. The crystals were separated and washed with absolute 
alcohol; yield, 8-6 g. These crystals contained N, 5-85; P, 12-93; Ba, 26-59; H,O, 
13-14 %, and at 100° melted in their water of crystallization. The salt on exposure 
to the air gradually took up water to 17-78%. The analysis then corresponded 
with C,H,,0,N,P,Ba, 5H,O which requires N, 5-52; P, 12-23; Ba, 27-02; H,O, 
17-75%. 

The original low value for water was probably due to dehydration by the 
treatment with absolute alcohol. 

Calcium salt. This salt began to crystallize out during evaporation of the 
solution to a smaller volume in very fine crystals which were most difficult to 
filter off. All the portions analysed contained carbonate. A pure specimen of 
the calcium salt was not obtained. 

Ammonium salt. Owing to the difficulty experienced with the calcium salt, 
the various portions were combined and converted into the ammonium salt by 
dissolving in water with the aid of a little hydrochloric acid and treating with 
ammonium oxalate and ammonia. The filtrate from calcium oxalate was 
evaporated in vacuo until ammonium chloride began to crystallize. This was just 
redissolved in water and on adding alcohol an oil started to separate. On 
saturating the solution with ammonia gas, the ammonium salt crystallized out. 
Further crops were obtained from the filtrate by adding alcohol saturated with 
ammonia. The crystals on analysis had the composition: N as NH, 7-61, 8-24, 
7-32; total N, 13-12, 13-93, 15-27; P, 14-26, 15-37, 15-57; H,O, 27-97, 19-86, 
23-39%, and correspond best with C,H,,0,N,P, 2}H,O, which requires N as 
NH,, 6-90; total N, 13-79; P, 15-27; H,O, 22-16%. 

A further preparation of ammonium salt was made from the filtrates from 
the barium salt. The alcohol was evaporated off in vacuo, a slight excess of 
ammonium sulphate added to the aqueous solution and then barium chloride 
exactly to remove sulphate. The solution after filtration from barium sulphate 
was evaporated in vacuo to a small volume and treated with alcohol saturated 
with ammonia. 2-2 g. of crystals resulted. Air-dried they had the composition: 
N as NHs, 7-17; total N, 13-96; P, 16-32: H,O, 20-9 % , which corresponds best 
with C,H,,0,N,P, 2H,O. 

Other salts. A solution of the barium salt treated with appropriate solutions 
of other metallic salts gave no insoluble salt by double decomposition. A solution 
of phosphorylaminoethyl alcohol of about 1° concentration was not pre- 
cipitated with basic lead acetate. All salts of the ester are thus soluble in water. 

Phosphorylaminoethanol. The free ester was prepared from 16 g. of barium 
salt containing some barium chloride by dissolving in water, and treating with 
a suspension of silver oxide, filtering from AgCl and excess of Ag,O, treating 
with H,§, filtering from Ag,S and evaporating in vacuo. The solution was then 
freed from Ba and SO, ions and evaporated to about 50 ml. Absolute alcohol 
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added in portions of 10 ml. to the extent of 200 ml. gave crystals on standing 
consisting of long prisms. They were filtered off, washed with 80% alcohol and 
absolute alcohol and air-dried: yield, 5-7 g. On analysis they corresponded with 
phosphorylaminoethanol. Found: N, 9-67, 9-73; P, 22-26, 21-75%. C,H,O,NP 
requires N, 9-93; P, 21-99%. They melted with decomposition at 232—233° on 
slow heating. 


Interaction of phosphorylchloroethanol and phosphorylchloroethyl 
chloride with ammonia 


The products of this reaction were complicated and it was necessary to carry 
out four experiments to isolate phosphorylaminoethanol and study the other 
products. 

Exp.1. 21 g. of phosphorylchloroethanol (chloroethy! dihydrogen phosphate) 
were slowly added to 300 ml. of NH,OH (sp. gr. 0-880) and the solution was 
heated in an autoclave at 120° for 4 hours. On cooling 1-5 g. of (NH,),HPO, 
separated out. The solution was evaporated in vacuo and at the same time 
treated with barium hydroxide solution to remove NH,. After filtering from 
Ba,;(PO,). the concentrated solution on gradual addition of absolute alcohol 
gave 3 crops of crystals amounting to 13-1 g. which analysis indicated to be 
impure barium phosphorylaminoethanol. They were dissolved in water, treated 
with Ag,SO, to remove Cl and Ba, H,S to remove Ag, boiled with Ba(OH), to 
remove NH, and finally treated with H,SO, to remove Ba. The concentrated 
solution on treatment with absolute alcohol gave 2-1 g. of phosphorylamino- 
ethanol, melting at 228° and containing N, 9-36; P, 22-56; H,O, 0-9% (cale. 
N, 9-93; P, 21-99%). The filtrate on addition of acetone gave an oil, which on 
solution in water and neutralization with Ba(OH), gave 2-5 g. of barium phos- 
phorylhydroxyethanol: Ba, 43-30, 43-63; P, 9-44, 10-10; H,O, 9-03, 10-49% at 
100° in vacuo. C,H;0O;PBa,2H,O requires Ba, 43-84; P, 9-89; H,O, 11-49%. 
The solution on neutralization with Ba(OH), gave 7-3 g. of barium phosphoryl- 
hydroxyethanol: Ba, 45-66; P, 10-59; H,O, 6-65, 8-34% at 100° in vacuo. 
C,H;0O;PBa, H,O requires Ba, 46-51; P, 10-49; H,O, 6-09 % . The dried substance 
contained 49-54% Ba; 11-31% P corresponding with the calc. 49-52% Ba, 
11-17% P. It took up 6-18 °% water on exposure to air. The salt thus appears to 
crystallize with one or two molecules of water. 

The original solution on concentration and addition of alcohol gave mixtures 
of barium phosphorylhydroxyethanol and chloroethanol, which could not be 
separated. 

The chief product of the reaction was phosphorylhydroxyethanol. 

Exp. 2. 20 g. of chloroethylphosphoryl chloride were slowly added to 200 ml. 
of ice-cold NH,OH (sp. gr. 0-880); on reaching room temperature the solution 
was heated in an autoclave at 130° for 1 hour. The solution was diluted with 
water and evaporated in vacuo and at the same time treated with calcium hy- 
droxide solution to remove NH,. The solution filtered from Ca,(PO,), contained 
1-3 g. N and 3-0 g. P. On further evaporation very fine crystals separated which 
clogged the filter on filtration. They were redissolved with a small quantity of 
dilute hydrochloric acid and the solution at once made faintly alkaline with 
calcium hydroxide. The concentrated solution on treatment with increasing 
quantities of absolute alcohol gave several crops of crystals containing from 
4 to 9% N and from 14 to 18% P. The nitrogen was present partly as amide-N 
and partly as amino-N in each crop. The crystals appeared to be amides of 
phosphorylhydroxyethanol and aminoethanol. Attempts to separate them into 
pure compounds were not successful. 
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Exp. 3. 35 g. of chloroethylphosphoryl chloride were gradually added to 
450 ml. of ice-cold NH,OH (sp. gr. 0-880) and the solution was heated in an auto- 
clave at 130° for 6 hours. On cooling 5 g. of (NH,),HPO, separated out. The 
solution on evaporation gave 17-3 g. of NH,Cl. The concentrated solution was 
then treated with absolute alcohol saturated with ammonia and gave 11-5 g. of 
ammonium phosphorylaminoethanol (yield, 11-3%) from which 7-6 g. of the 
pure compound melting at 230° were obtained on recrystallization from alcohol 
and ammonia. Found: N, 14-48; P, 15-68; H,O, 18-93°%. C,H,,0,N,P, 2H,O 
requires N, 14-43; P, 16-00; H,O, 18-56%. Ammonia was removed from the 
original filtrate by evaporation in vacuo and addition of baryta solution, and 
alcohol was added gradually to the concentrated solution. Several crops of 
crystals were produced of which the N and P contents indicated that they were 
mixtures of barium phosphorylaminoethanol and barium phosphorylhydroxy- 
ethanol. Separation by fractional crystallization was not successful. From 9 g. 
of such a mixture Cl and Ba were removed with Ag,SO,, Ag with H,S and the 
concentrated solution gave with alcohol 1-3 g. of phosphorylaminoethanol, 
melting at 230° and containing N, 9-96; P, 22-0%; yield, 0-9% . The total yield 
of phosphorylaminoethanol in this experiment was thus about 12%. 

Exp. 4. 20 g. of chloroethylphosphory] chloride were slowly added to 200 ml. 
of ice-cold NH,OH (sp. gr. 0-880) and the solution was heated in an autoclave at 
130° for 8 hours. The solution was diluted with about 1 litre of water, treated 
with excess of Ca(OH), suspension, filtered from Ca,(PO,). and evaporated in 
vacuo, keeping the solution alkaline with lime solution. The concentrated solution 
contained 1-2 g. N and 1-6 g. P. Carbon dioxide was then passed through the 
solution and it was evaporated to 300 ml. and treated with 500 ml. of absolute 
alcohol. 12-8 g. of crystals corresponding to impure calcium phosphorylamino- 
ethanol separated out (yield, 42-5 °%). The salt was dissolved in water, Ca and Cl 
removed with silver sulphate and alcohol, and the solution concentrated. On 
treating with 2 volumes of absolute alcohol 5-4 g. of phosphorylaminoethanol 
melting at 231° were obtained containing N, 9-85; P, 22-43; H,O, 0-47 %; yield, 
30-8 %. 
' Interaction of phosphoryl chloride and choline chloride 

As preliminary trials indicated that some phosphorylcholine was formed in 
this reaction, numerous other experiments were made to ascertain how the 
yield could be increased. The best yield of 0-6 g. of combined phosphorus was 
obtained by slowly adding 8 g. of ice-cold POCI, to 5 g. of ice-cold choline chloride 
and allowing to stand in connexion with NaOH traps for 11 days. The choline 
chloride dissolved and in a few days crystals formed in the liquid. The yields 
were almost nothing if pyridine were used in the reaction. The product was 
dissolved in ice-cold water, the solution made faintly alkaline with barium 
hydroxide solution and filtered from barium phosphate. Separation of barium 
phosphorylcholine from barium chloride by crystallization was found impossible, 
all specimens consisting of mixtures of the two salts. Difficulty was also ex- 
perienced after quantitatively removing barium chloride with silver sulphate. 
The solution after making faintly alkaline with barium hydroxide and con- 
centrating in vacuo and treating with alcohol gave beautiful glistening platelets. 
On analysis these crystals were always found to be contaminated with barium 
carbonate. It seemed that the trimethylamine group displaced barium hy- 
droxide from the salt, which during filtration and drying absorbed carbon dioxide 
from the air. The experiments were not continued as it was found that better 
yields of the ester were formed by the action of H,PO,+ P,O,, and that the ester 
was preferably isolated as the calcium salt of the ester chloride. 
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Interaction of H3;P04+ P20; and choline chloride 


5 g. of choline chloride were added in small] portions to 40 g. of H,PO,+4 g. 
of P,O;. In the first experiment the reaction was allowed to proceed at room 
temperature for 120 hours. In the second and subsequent ones the mixture was 
heated under a reflux with a CaCl, tube for 6 hours and allowed to cool. Crushed 
ice was added to dissolve the resulting syrup and the solution poured into about 
1-5 litres of ice-water. The solution was thoroughly shaken with powdered 
barium hydroxide or a paste of calcium hydroxide until it was alkaline to 
phenolphthalein and filtered from barium or calcium phosphate and excess of 
reagent. The yield of combined phosphorus in the cold was 0-3 g., whilst on 
heating it averaged 1 g., almost the theoretical amount. 

Barium salt. Barium carbonate always separated on evaporation of the clear 
solution and again during filtration. The solution was therefore just acidified 
with HCl, filtered and made just alkaline. On now adding about an equal 
volume of alcohol glistening platelets separated out. These when filtered off, 
washed with 50% alcohol and absolute alcohol weighed 8-5 g. (air-dried). Their 
analysis corresponded with barium phosphorylcholine chloride. Found: N, 3-1; 
P, 7-4; Ba, 32-4; Cl, 8-4; H,O at 100°, 8-4%. C;H,,0,NPCIBa, 4H,O requires 
N, 3:3; P, 7-3; Ba, 32-2; Cl, 8-3; H,O, 16-88%. It was found later that the 
water of crystallization was not completely given off at 100° ix vacuo over 
P.O; . 

Further quantities mixed with barium chloride were precipitated from the 
filtrate after concentration and addition of alcohol. Separation by fractional 
crystallization was not entirely successful. 

It was found that the salt was best crystallized by dissolving in water, making 
the solution exactly neutral to litmus and adding an equal volume of alcohol. 
A specimen thus obtained from a mixed sample with barium chloride had the 
composition: N, 3-04; P, 7-34; Ba, 32-16; H,O, 8-79, 12-33% at 100° in vacuo 
over P,O;. 

Calcium salt. On evaporation of the solution calcium carbonate precipitated 
in the same way as in the case of the barium salt. After evaporation and filtration 
from carbonate to a volume of 140 ml. glistening crystals consisting of fine 
needles were precipitated by adding an equal volume of absolute alcohol; they 
were filtered off, washed with 60% , 80% and absolute alcohol and dried in the 
air. Their composition corresponded with that of calcium phosphorylcholine 
chloride. Found: N, 4:25; P, 9-55; Ca, 12-5; Cl, 10-65; H,O, 15-0%. 
C;H,,0,NPCICa, 4H,O requires N, 4:25; P, 9-46; Ca, 12-16; Cl, 10-75; H,O, 
21-86%. A further quantity was obtained on concentrating the filtrate and 
adding an equal volume of alcohol. The total yield of calcium salt was 9-2 g. air- 
dried or 78%. 

After re-dissolving in water, filtering clear from calcium carbonate and adding 
an equal volume of alcohol 7-8 g. of pure salt were obtained. Found: N, 4-34; 
P, 9-33; Ca, 12-21; Cl, 10-25; H,O, 10-47 %, at 100° in vacuo over P,O;, 19-49%. 
The calcium salt is preferable to the barium salt for isolation of phosphoryl- 
choline. 

Other salts. On testing a 1% solution of the calcium salt with appropriate 
solutions of other metallic salts there was not any formation of an insoluble 
salt. No precipitate was given on adding a solution of basic lead acetate to 
a 1% solution of phosphorylcholine. All salts of phosphorylcholine are thus 
soluble. A double salt with platinum chloride separated in sheaves from an 
alcoholic solution. 
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Phosphorylcholine. The free ester was prepared from 12-5 g. of the calcium 
salt, which were dissolved in 500 ml. of water and treated with a suspension of 
Ag,O. The reaction of the solution became alkaline and it was made slightly 
acid with H,SO, and filtered. The filtrate was treated with Ag,SO, solution to 
remove the last trace of Cl and again filtered. It was then treated with H,§, 
filtered from Ag,S, boiled, neutralized with lime water and evaporated in vacuo 
to a small volume. The addition of an equal volume of absolute alcohol removed 
CaSO, and the filtrate was evaporated to dryness. The residue except for a small 
amount of CaSO, dissolved in 60% alcohol. The solution was treated with 
absolute alcohol until a turbidity was no longer given, and on standing an oil 
separated out. The flask and its contents were placed in a vacuum desiccator 
over CaO and the alcohol slowly evaporated during 4-5 weeks. Crystals appeared 
on the top of the solution, which was stirred with more absolute alcohol and left 
in the desiccator. Gradually the oil became a hard pale brownish crystalline 
solid, which was recrystallized by dissolving in hot absolute alcohol, filtering and 
allowing to stand over CaO. As crystals did not separate, 2 ml. of ether were 
added from time to time and a hard crystalline solid slowly separated. This was 
filtered off rapidly, washed with absolute alcohol and ether and placed in a 
desiccator over CaCl,. The yield was 5 g. of slightly brown, extremely hygro- 
scopic crystals. Analysis indicated that they were phosphorylcholine anhydride. 
Found: N, 7-43; P, 16-64; H,O, 1-76 %, at 100° in vacuo, 205%. Cale. for 


CH,N(CH,)s 
0 
fees 


N, 7-65; P, 16-94%. The slightly lower values are accounted for by the water 
due to the hygroscopic character of the compound. 


Interaction of chloroethylphosphoryl chloride with trimethylamine 


In comparison with the interaction of chloroethylphosphory] chloride with 
ammonia the reaction with trimethylamine was less complex and phosphoryl- 
choline was easily isolated as the chloride of the calcium salt. 

35 g. of chloroethylphosphory] chloride were gradually added to 250 ml. of 
ice-cold 33° aqueous trimethylamine and the solution was heated in an auto- 
clave for 4 hours at 130°. The pale brown solution was diluted with 1 litre of 
water, treated with Ca(OH), solution till distinctly alkaline to phenolphthalein 
and filtered from 2-9 g. of calcium phosphate and chloroethyl phosphate. The 
filtrate was evaporated in vacuo keeping the solution alkaline by addition of lime 
water so as to remove trimethylamine. Several crops of crystals amounting to 
13-9 g. consisting of impure calcium phosphorylhydroxyethanol separated out. 
This substance was very slightly soluble in water and was purified by dissolving 
in very dilute hydrochloric acid, making the solution just alkaline with Ca(OH), 
solution and evaporating in vacuo. The compound which separated corresponded 
on analysis with basic calcium phosphorylhydroxyethanol. Found: C, 11-40; 
H, 4-26; P, 14-03; Ca, 18-52; H,O, 881% at 100° in vacuo over P,O;. 
C,H,OPO(OH)OCaOH, H,O requires C, 11:15; H, 4:20; P, 14-80; Ca, 18-55; 
H,0, 8-33 %. The filtrate from these crops contained 1-4 g. N and 3-0 g. P and 
on treatment with successive portions of 50 ml. of absolute alcohol gave crops of 
crystals amounting to 35 g. (yield, 60 %), each of which corresponded on analysis 
with calcium phosphorylcholine chloride. On recrystallization by solution in 
water, exact neutralization and addition of successive portions of alcohol the 
pure compound separated out in masses of glistening needles in a yield of 26-8 g. 
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(47%). The several fractions analysed as follows: N, 4-02, 4:14, 4-21, 4-14; 
P, 9-41, 9-27, 9-38, 9-26; Ca, 12-17, 11-93, 12-06, 12-06; Cl, 10-38, 10-21, 10-08, 
10-37%. H,O at 100° in vacuo over P,O,;, 21-26, 21-27, 21-45, 21-99%. 
CH,N(CH,),Cl. CH,OPO(OH)OCa, 4H,O requires N, 4-25; P, 9-46; Ca, 12-16; 
Cl, 10-75; H,O, 21-86%. A fair yield of the compound is thus obtained by this 
method. 

Chloroethylphosphoryl chloride 

The isolation of this compound was not attempted in our previous work 
[1928]. It is readily obtained by mixing slowly 1 mol. of POCI, with 1 mol. of 
ethylene chlorohydrin and cooling in ice. The mixture is then boiled under a 
reflux at 140° for 1 hour and distilled in vacuo. After unchanged ethylene 
chlorohydrin and POCI, has distilled over, chloroethylphosphoryl chloride 
distills as a colourless liquid at 103° and 12 mm. in a yield of 62%. Found: 
P, 15-06; Cl, 52-74%. C,H,O,PCI, requires P, 15-60; Cl, 53-6%. 

Barium phosphoryldi-(chloroethanol). The undistilled residue consisted 
principally of di-(chloroethyl)phosphoryl chloride and was converted into the 
barium salt of phosphoryldi-(chloroethanol) by treatment with water, neutrali- 
zation of the solution to phenolphthalein with barium hydroxide, evaporation to 
a small volume in vacuo, and addition of alcohol. The barium salt was then 
precipitated as a very fine white crystalline powder. Found: at 110° in vacuo 
H,O, 11-3%. Cale. for 4 H,O, 11-03 %; anhydrous salt: Ba, 24-12; P, 10-4; Cl, 
23-76%. Ba[(C,H,Cl),PO,], requires Ba, 23-58; P, 10-67; Cl, 24-44. 

Lead phosphoryldi-(chloroethanol). The lead salt was precipitated on adding 
a solution of lead acetate to a solution of the barium salt, as a white amorphous 
powder, insoluble in hot water. 

Phosphorylchloroethanol. This compound is formed on decomposing chloro- 
ethylphosphoryl chloride with water, but its isolation as barium or calcium salt 
in a pure form proved difficult owing to its ready conversion in faintly alkaline 
solution into phosphorylhydroxyethanol. 

Barium salt. 5 g. of chloroethylphosphoryl chloride were dropped slowly 
into | litre of water and well shaken. When the oil had completely decomposed, 
the solution was made faintly alkaline with baryta and filtered from a small 
precipitate of barium phosphate. The filtrate on evaporation in vacuo gave a 
slight precipitate and did not filter clear. It was neutralized to litmus with HCl 
and again evaporated. The crystals so obtained were filtered off, washed with 
10%, 30%, 60% alcohol and air-dried; wt. 1-7 g. The filtrate on treatment 
with alcohol in 5 ml. portions until an equal volume had been added gave a further 
crop which weighed 1-4 g. air-dried. Neither crop on analysis corresponded with 
barium phosphorylchloroethanol. Found: Ist crop: P, 8-69; Ba, 39-06; H,O, 
8-74°%. 2nd crop: P, 8-59; Ba, 37-87; Cl, 7-55; H,O, 8-85%, 10-39% at 100° 
in vacuo. C,H,0,CIPBa,3H,O requires P, 8-85; Ba, 39-26; Cl, 10-13; H,O, 
15-44%. A purer specimen was not obtained on recrystallization. 

10 g. of chloroethylphosphoryl chloride were covered and shaken with 
500 ml. of water which was kept alkaline with baryta until the oil was com- 
pletely decomposed. After filtration the filtrate was evaporated till crystalli- 
zation began. It was then boiled and the crystals so produced filtered off, 
washed with boiling water, 60% alcohol and dried. The yield was 6-4 g. (43%). 
Found: P, 11-80; Ba, 45-61; Cl, 11-70; H,O, 0-32%. C,H,0,CIPBa requires 
P, 10-47; Ba, 46-43; Cl, 11-98%. 

The crystals were dissolved in a minimum of water and an equal volume of 
alcohol added. After filtering and washing with 60% alcohol, the air-dried 
crystals weighed 7-3 g. and corresponded most closely with basic barium phos- 




















406 R. H. A. PLIMMER AND W. J. N. BURCH 





phorylchloroethanol. Found: H,O at 100° in vacuo, 10-92; Ba, 39-27; P, 8-86; 
Cl, 9-93; C, 7-79; H, 3-49% (by Dr Weiler). C,H,O,CIPBa, 2H,O requires H,O, 
10-30; Ba, 39-26; P, 8-85; Cl, 10-13; C, 6-86; H, 287%. The anhydrous salt 
contained P, 9-90; Ba, 44-04; Cl, 10-84%. Calc. P, 9-87; Ba, 43-80; Cl, 11-30%. 

Calcium salt. 5 g. of chloroethylphosphoryl chloride were dropped into 
1 litre of water and shaken till completely decomposed. The solution was made 
slightly alkaline with calcium hydroxide solution and filtered from a small 
precipitate of calcium phosphate. On filtering calcium phosphorylchloroethanol 
started to crystallize out and a yield of 1-3 g. was obtained. Found: Ca, 18-47; 
P, 12-69; Cl, 13-47; H,O, 7-84%, at 100° in vacuo, 9:15%. The filtrate on 
standing deposited 1-7 g. air-dried salt: Ca, 16-88; P, 13-07; Cl, 14-74; H,0, 
7-21%. After neutralizing to litmus with HCl and further evaporating, 2-5 g. 
of air-dried salt resulted: Ca, 18-81; P, 13-37; Cl, 12-55; H,O, 7-67%; and a 
further crop of 0-4 g. air-dried: Ca, 17-05; P, 11-89; Cl, 11-75; H,O, 7-:93%. 
None of these crops corresponded with calcium phosphorylchloroethanol, 
C,H,0,CIPCa, 2H,O: Ca, 17-08; P, 13-20; Cl, 15-11; H,O, 15-35%. 

Except for the first crop, the percentage of Cl became less and it seemed that 
the chlorine was exchanged for hydroxyl during evaporation. The several crops 
were covered with 50 ml. of water and boiled for half an hour with 5 ml. of 
2N NaOH. The solution was then neutralized with HCl and made just alkaline 
with lime water. 4-4 g. of impure calcium phosphorylhydroxyethanol separated 
out. The salt was recrystallized by dissolving in dilute HCl and neutralizing 
with NaOH and lime water. 4-1 g. air-dried substance were obtained which 
consisted of basic calcium phosphorylhydroxyethanol. Found: H,O in vacuo 
at 100°, 10-94; Ca, 17-19; P, 13-03%. CH,OH.CH,OPO(OH)OCaOH, 2H,0 
requires H,O, 15-39; Ca, 17-12; P, 13-23%. The anhydrous salt contained Ca, 
19-83; P, 15-21%. Calc. Ca, 20-23; P, 15-64%. 

The rapid conversion of phosphorylchloroethanol into phosphorylhydroxy- 
ethanol was also tested by heating a solution of 0-5 g. of the barium salt in 50 ml. 
water with 50 ml. 0-14N Ba(OH),. All the chlorine was removed in 6 hours 
(Cl, 0-0043 in 10 ml.; total Clin 10 ml., 0-0042 g.). Slow conversion occurred on 
allowing the solution to stand at room temperature. Inorganic Cl increased 
from 0 to 0-0007 in 3} days, to 0-0014 g. in 16 days. 


Note on the estimation of Cl in ethylene chlorohydrin, chloroethylphosphoryl 
chloride and salts of phosphorylchloroethanol 


The estimation of chlorine in these compounds by the Neumann method 
[Plimmer, 1904] was not possible owing to volatility of some halogen compound 
during the distillation with the nitric acid mixture. Better results were obtained 
by treating the solution of the compounds with sodium or with sodium amalgam. 
The result became quantitative on subsequently heating on a water-bath under 
a reflux for 2 hours. It was finally found that quantitative results were obtained 
by simply evaporating the solution with 5 ml. of aqueous KOH on the water- 
bath and dissolving the residue in dilute HNO,. In each case the Cl in the 
solution was estimated by the Volhard method. 

Ethylene chlorohydrin: 3-3708 g. in 100 ml. 1 ml.=0-01487 g. Cl, 44:1%. 

1 ml. portions were used in each estimation: 


Cl g. Cl% 
(a) By Neumann’s method 0-0007 2-1 
(b) By NaHg 0-0137 40-5 
(c) By Na P 0-0146 43-2 
(d) By KOH 0-0149 44-2 
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Chloroethylphosphoryl chloride: 2-358 g. in 100 ml. water. 1 ml.=0-01271 g. 
total Cl, 53-92%. 1 ml.=0-00847 g. inorg. Cl, 35-95%. 
1 ml. portions were used in each estimation: 


Clg. cl % 

(a) Inorganic 0-00852 36-13 

(6) By Neumann 0-00923 39-14 

(c) By NaHg alcohol 0-01083 45-92 

(d) By NaHg water 0-01101 46-6 

(e) By Na alcohol 0-0091 38-39 

(f) By Na alcohol heat 2 hours 0-0123 52-27 

(g) By KOH 0-01232 52-27 
The figures for chlorine in the salts of phosphorylchloroethanol are given above 
under these salts. 


Hydrolysis of the esters 


The simple alkyl esters of phosphoric acid were found by us [1928] to be 
hydrolysed by acid, but not by alkali. They are also hydrolysed by phosphatase. 
The hydrolysis of the new esters was therefore also investigated. 

Hydrolysis by acid. 1 g. portions of the calcium salts of phosphorylaminoethanol, 
phosphorylcholine and phosphorylhydroxyethanol were dissolved in 50 ml. of 
water and mixed with 52 ml. of 2N HCl. In the case of phosphorylchloroethanol 
the sodium salt was prepared from the barium salt by adding an equivalent of 
sodium sulphate and filtering from BaSO,. The solution was then mixed with an 
equal volume of 2N HCl. The solutions of phosphorylaminoethanol and phos- 
phorylcholine were first kept at 37°. At intervals, 10 ml. were withdrawn and 
treated with NH,Mg citrate mixture and NH,OH. Neither after 17 or 72 hours 
or even 9 days with phosphorylcholine was there any separation of phosphate. 
All the solutions were heated under a reflux on the water-bath, and at intervals 
after cooling 10 ml. samples were taken and precipitated with NH,Mg citrate 
mixture. The precipitate was filtered off, washed with ammonia, dissolved in 
2N HNO, and the phosphorus estimated by Plimmer’s micro-method [1933]. 
The hydrolysis was slow and is indicated by the figures in the following table: 


Hydrolysis by N HCl at 100° 


Time Hydrolysis Time Hydrolysis 
hours mg. P % hours mg. P % 
Phosphorylaminoethanol Phosphorylcholine 
5 0-92 g é 0-89 13-1 


0-99 15-0 
2 1-33 19-7 


21 3-28 1 
36 4-87 2 
68 7-81 4 
Total 17-27 Total 6-75 


Phosphorylchloroethanol Phosphorylhydroxyethanol 
6 0-13 3 4 1-66 12-0 
36 0-58 13- 24 5-54 40-0 
124 1-54 36-2 33 8-03 58-0 


Hydrolysis by alkali. 1 g. portions of the calcium salts of phosphorylamino- 
ethanol, phosphorylcholine and the sodium salt of phosphorylhydroxyethanol 
were dissolved in water and mixed with an equal volume of 2N NaOH, filtered and 
heated under a reflux on the water-bath. Samples were withdrawn after varying 
intervals, acidified with HCl and treated with NH,Mg citrate mixture and 
ammonia. The precipitate was dissolved in 2N HNO, and phosphorus estimated 
in the solution. The precipitate consisted mainly of silicates from the glass and 
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the solutions up to 24 hours in each case contained no phosphate. The pre- 
cipitate increased after 24 hours and contained phosphorus. The amount so 
found up to 102 hours was about 2-5% of the total phosphorus and was really 
organic phosphorus not washed out of the bulky precipitate whilst washing with 
ammonia. The esters must be considered stable to hydrolysis by alkali. 
Hydrolysis by phosphatase. Phosphatase solutions were prepared from bones, 
kidneys and intestines of rabbits. Bones were broken up and extracted with 
chloroform water for 6-11 days. Kidneys were minced and extracted with 
toluene water. The mucous membranes of the small intestines were scraped off, 
ground with sand and extracted with toluene water for several days. The 
extracts were strained through calico. Solutions of the sodium salts of the several 
esters were prepared from the calcium or barium salts by treatment with the 
equivalent quantity of sodium oxalate or sulphate and filtration from the 
insoluble calcium or barium salt. Equal volumes of enzyme solution or boiled 
enzyme solution were added to the same volumes of the solutions of the esters, 
1 % of toluene was added, and the mixtures were placed in an incubator at 37°. 
Samples of 5 or 10 ml. were withdrawn at once and at intervals, acidified with 
5 ml. of 2N HCl, treated with 5 ml. of NH,Mg citrate mixture and 5 ml. of 
NH,OH (sp. gr. 0-880). After standing for 12 or 24 hours, the precipitate of 
protein matter and NH,MgPO, was filtered off, washed with ammonia solution, 


Table I 


Kidney phosphatase Intestinal phosphatase 





Bone phosphatase 
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Boiled Hydro- 
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Boiled Hydro- 
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Phosphorylchloroethanol 


3-32 








6-09 


Phosphorylhydroxyethanol 


3-32 











5-87 


3°32 


Time Enzyme enzyme lysis Enzyme enzyme lysis Enzyme enzyme 
hours mg.P mg. P % mg.P mg. P % mg. PF mg. PF % 
Phosphorylaminoethanol 
0 0-11 0-12 — 0-82 0-86 — 0-80 0-82 —_ 
24 -— — — 3-54 0-83 77-7 — — — 
48 2-27 0-07 45-4 4-04 0-82 92-0 4-15 0-74 76-1 
96 2-32 0-14 45-4 4-60 0-61 100 4-21 0-85 717-3 
136 2-32 —- 45-4 “— os 4-32 0-86 79-8 
Total 4-98 _ 4-32 5-20 5-20 4-98 
Phosphorylcholine 
0 0-14 0-13 — 0-74 0-84 — 0-68 _— _— 
24 — _ — 2-21 0-90 27-7 — —_ — 
48 3-32 0-06 53-5 3-21 0-87 46-2 4-76 0-73 78-7 
88 3-71 0-12 60-0 4-15 0-82 63-7 — _ _ 
140 3-82 — 62-0 _ — 4-98 0-71 83 





0 0-17 0-12 — 0-89 0-52 — 1-22 1-05 _— 
24 4-43 0-21 74-7 3-16 0-66 42-7 4-71 1-01 80-6 
48 4-43 0-23 74-7 4-37 1-07 65-5 4-65 1-05 79-2 
96 4-32 0-19 72-8 5-31 1-22 83-2 4-87 1-11 84-3 

6-20 6-20 5-55 55 





0 0-18 0-25 — 1-01 0-99 _ 0-98 0-86 _ 
24 1-16 0-20 48-3 1-83 0-94 35-5 _— — — 
48 1-16 0-22 48-3 2-16 0-94 49-8 2-33 0-89 57-5 
96 1-33 56-6 2-32 1-11 56-7 2-49 0-99 64-4 
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dissolved in 2N HNO, and the phosphorus content estimated by Plimmer’s 
micro-method [1933]. Total P in the solutions was estimated in 1 ml. by the 
same method. The results were positive in all cases and are given in Table I. 
All these esters are hydrolysed by phosphatase. 


SUMMARY 


Phosphorylaminoethanol and phosphorylcholine have been prepared (1) by 
the action of phosphory! chloride on the bases, (2) by the action of H,PO,+ P,0; 
on the bases, (3) by the action of ammonia or trimethylamine upon chloroethyl- 
phosphory] chloride. The isolation was usually effected as the barium or calcium 
salts. Phosphorylaminoethanol can also be isolated as ammonium salt. The other 
salts of these esters are soluble in water. 

The free esters have been obtained from the salts. 

Phosphorylchloroethanol rapidly changes into phosphorylhydroxyethanol on 
heating its solutions with dilute alkali. 

The halogen in the chloro-compounds, ethylene chlorohydrin, chloroethyl- 
phosphoryl chloride, and phosphorylchloroethanol is best estimated by evapora- 
ting the solution with aqueous KOH and determining the chloride by Volhard’s 
method. 

The esters are hydrolysed by heating with N HCl, but are stable to N NaOH 
at 100°. They are hydrolysed by phosphatase of bone, kidney and intestine. 
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In a previous paper [Cook, 1936] it was shown that with growing rats cholesterol 
is absorbed only in the presence of free fat in the diet, the cholesterol “fatty” 
liver being induced solely under these conditions. The following experiments were 
carried out to test whether the amount of cholesterol absorbed could be increased 
by raising the quantity of fat in the diet. 










DIET AND ANIMALS 






The diets fed to the animals were made up of the same basic constituents as 
described previously [Cook, 1936, Table I]. The fat (arachis oil) was given in 
percentages of the basic diet as 15% or “normal synthetic”, 20 and 30%. The 
fat displaced some of the carbohydrate in the higher concentrations. These 
percentages are reckoned on the basic constituents. Actually the 30% fat diet 
for example contained 30 g. of fat in 110 g. of food, the extra 10 g. being made 
up of the vitamin supplements. Alcohol-extracted caseinogen was used. The 
cholesterol (B.D.H.), 2 g. per 110 g. of food, was mixed with the oil and heated on 
a water-bath for some minutes and then mixed while still hot with the other 
dietary constituents. There was too much cholesterol for complete solution in the 
oil at room temperatures but the sterol is intimately mixed with the oil by the 
above procedure. The calorie value of the diets per 100 g. is for the 15 % control 
diet 434 Cal., 20% 457 Cal. and 30% 502 Cal. For the diets plus cholesterol 
15 % 426 Cal., 20% 448 Cal. and 30% 494 Cal. No calorigenic value is given to 
the cholesterol. 

The animals used were of the piebald strain and were litter-mates about 4 
weeks old taken immediately after weaning. A male and a female were used in 
each set of experiments. The average weights were males 56 (+6) g. and females 
50 (+5) g. The animals were placed in Hopkins metabolism cages, the sexes being 
segregated. The faeces were collected free from urine. The food was weighed out 
daily and wetted in the dish. After the first few days there was little spilling of 
food and any spilt was returned to the dish. The supply of water was unlimited. 
Table I gives the food intakes of the animals expressed in calories and the weight 
increases over successive 3-weekly periods during their growth. The first period is 
immediately after weaning, i.e. about 4 weeks after birth. 

It will be seen that during the first period there is a significantly decreased 
intake on the cholesterol-containing diet and this is reflected in the smaller 
increase in body weight as compared with the control animals. This effect is most 
marked with the males. Later periods show that the food intakes and weight 
increases are approximately the same in the various sets. There is some evidence 
that this is due to adaptation to the diets. The similar calorie consumptions on 
the varying fat diets are to be noticed as is also the fact that the animals appear 
to grow best on the high fat diet. These points will be returned to later. 

1 Beit Memorial Research Fellow. 
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Table I. Food intake in calories per day and increase in weight for 
period stated of control (a) and cholesterol-fed (b) rats. 


15% fat 20% fat 30% fat 
Ste mines 2 a r ‘ ‘ 
Period of Increase in Increase in Increase in 
days Food intake wt. g. Food intake wt. g. Food intake wt. g. 
rc aA Pena A A 
a 4 


3 3 

0-20 a 46 2 71 

b 35 38 

20-41 a 66 4 59 

b 49 62 

41-62 a 56 27 

b 5 36 

62-83 a 58 7 

b 56 : ll 

Increase 164 

in wt. over 147 
total period 


Z 


py, f La 

3 2 3 3 2 3 

46 43 72 s 44 86 

38 38 56 41 38 

58 48 48 67 45 
52 46 54 26 60 45 30 
59 45 43 2 43 2 8 
54 46 27 10 54 4 16 
67 52 12 7 56 45 10 
55 47 14 9 41 10 
175 =118 180 107 
151 =100 161 93 


+O 


ae 
= 


m bo boo 
C= =] 


Nom 


2S 
ao 


EXCRETION OF CHOLESTEROL 


The faeces were collected at 2-day intervals and air-dried until the requisite 
amount had been gathered. They were then dried at 100° to constant weight, 
powdered and an aliquot amount extracted in a Soxhlet apparatus with light 
petroleum, B.P. 50-60°, for not less than 40 hours. The total lipoid or “fat”’ was 
then weighed and the unsaponifiable matter (U.m.) determined. The saponifica- 
tion was done with 10% alcoholic KOH for 3-4 hours; four extractions with 
petroleum were normally made of the saponified material, enough alcohol to 
make a concentration of about 25% being added to break the emulsion. At 
first some difficulty with emulsification was encountered in washing the petroleum 
extracts with water but by considerably increasing the volume of petroleum and 
adding alcohol this was easily overcome. The method of estimating cholesterol 
(as U.M.) has been tested by the recovery of known amounts of cholesterol similar 
in quantity to that found in the faeces. Series A was set up as shown in Table IT. 


Table II. Cholesterol recovered 


Amount 3 4 5 

added __ extractions extractions extractions 
g- &- x. % &- 
Series A, 2-808 — 2-763 98-4 _ 
cholesterol 1-249 — 1-245 100 _- 
alone 2-334 —- 2-320 99-8 — 
Mean 99-4 -= 


Series B, 1-618 1-432 88-4 1-543 95-1 1-597 
cholesterol 1-848 1-68 91-3 1-791 96-7 1-831 
plus 2 g. 2-671 2-422 90-4 2-545 95-3 2-604 
arachis oil 2-881 _- _- 2-784 96-5 — ; 

Mean 95-9 (0-82) 


These were saponified for 3 hours with 50 ml. of 10% alcoholic KOH and 
then washed into the funnel with about 100 ml. water and extracted 4 times with 
petroleum. The combined extracts were washed twice with water. In series B 
arachis oil was added and 75 ml. of KOH were used for saponification. A point 
of some practical importance is to be observed in the extractions. The volume of 
material to be extracted is about 200 ml., to this for the first extraction are added 
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100 ml. of petroleum. This is well shaken and allowed to stand. With series B and 
in the case of the faecal lipoids separation into 3 layers normally occurs. The 
middle layer is dark coloured. For the second extraction this middle layer is 
removed with the aqueous layer and the whole re-extracted. In the second 
extraction using 50 ml. of petroleum this phenomenon does not occur and the 
aqueous layer and the petroleum show a clear-cut separation. 

As far as possible all the estimations were done in duplicate. The results are 
shown in Table III. A criticism of the method is that the U.M. may not be 
regarded as being entirely cholesterol but its crystalline form and Mm.P. (145°) 
showed that it was mainly unchanged cholesterol. From Table II it will be seen 












Table III. Details of the analyses of the lipoid and unsaponifiable matter (U.M.) in 
the faeces of the rats fed on varying fat concentrations. Series A are the controls 
and Series B the cholesterol-fed animals, 2 animals in each series 








Totals in faeces 
over periodt 

Dry wt. Aliquot Lipoid um. .<———~———, Lipoid vu.M. as 
Period faeces extracted ——“~——, Lipoid um. as%of % of 






















Diet No. of days g. g. g. g. g. g. faeces _lipoid 
A 1 4-15* 8-5 8-5 1-30 0-72 1-30 0-72 15:3 55-4 
15% fat 2 15-57 39-8 10 0-74 0-51 2-94 2-03 7-4 69 
3 57-78 22-4 10 1-26 0-34 2-82 0-76 12-6 27 
B 1 4-15* 9-75 9-75 3-41 2-13 3-41 2-13 34-9 62-4 
plus2% 2 15-57 54-2 10 334. — 20-30 12-70 37-4 2-5 
chole- 10 4-02 2-49 
sterol 20 7-56 4-55 
3 57-78 28-2 10 3-50 2-45 8-95 6-66 31:8 74:3 






10 2-85 

























A 1 10-3 1-31 1:31 0-57 
20% fat 2 15-57 40-9 10 1-04 0-58 4-25 2-37 10-4 55-7 
3 57-78 22-5 10 — 1:43 0-51 3-22 1-14 14:3 35-4 
B 1 1-15 16-25 16-25 5-75 3-60 5:75 3-60 35-3 62-6 
plus2% 2 15-57 57°3 10 3-75 — 22-10 13-55 38-6 61-2 
chole- 10 4:06 2-49 
sterol 10 3°78 2-24 
3 57-78 31-4 10 3-48 2-20 10-10 6-35 32-1 62-9 
10 1 









A 10 1-81 0-51 
30% fat 2 15-57 44-] 10 1-15 0-54 6-94 2-86 15-8 41:3 
10 1-78 0-76 
3 57-78 24-2 10 1-12 0-41 2-67 0-99 11-0 37-0 

















10 1-09 0-41 

B 10 3-78 — 6-71 361 40:0 53-7 
plus 2% 6-7 2-93 1-44 

chole- 2 1557 600 10 3-64 — 21-75 12-46 362 57:3 
sterol 10 3-69 2-25 
20 7-20 3-98 

3 57-78 31-2 10 3-46 1-95 10-40 613 33:3 59-0 











10 3-22 









* The first 4 days’ collections of these series are not included. 

+ With reference to the duplicate determinations of lipoid and v.m. in the faeces of the control 
animals on the 15 and 20% fat diets, second and third periods, the materials left over after the 
initial estimations had been made were pooled and estimations carried out by Mr G. N. Jenkins. 
The results obtained were; 84-2 g. of faeces gave 9-81 g. lipoid and 4-27 g. u.m. This corresponds to 
estimated values of 9-43 and 4-08 g. respectively which would be expected by comparison with the 
writer’s figures. 
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that there is a 5 % loss in recovery with 4 extractions. In the results no correction 
is made for this. It is obvious that the errors in an experiment of this nature must 
be relatively high and in a negative direction. 

Table IV shows the cholesterol excretion. 


Table IV. The excretion of cholesterol in the faeces as measured by the amount of 
u.M. excreted. The figures in the third column have been obtained by subtracting 
the u.m. in series A (see Table III), i.e. the controls from the appropriate set in 








series B 
Excess U.M. 
excreted in Cholesterol 
faeces of % absorbed 
cholesterol- Dietary cholesterol- _ per rat 
fed animals Food cholesterol fed excreted per day 
Diet Period g. g. g. in faeces g. 
15% fat 1 1-41 214 3-82 36-9 0-11 
2 10-67 986 17-60 60-4 0-08 
3 5-90 491 ___ 877 67-3 0-07 
Total 17-98 — 30-19 59-6 — 
20% fat 1 3-03 277 4-95 61-2 0-07 
2 11-18 923 16-50 67-9 0-06 
3 5-21 466 8-32 62-5 0-07 
Total 19-42 _ 29-77 65-1 _ 
30% fat 1 3-10 262 4-67 66-4 0-06 
2 9-60 841 15-00 63-9 0-06 
3 5-14 410 7-32 70-2 0-05 
Total 17-84 _ 26-99 66 — 


A possible criticism of these results is that the deduction of the amount of 
u.M. in the faeces of the control animals from the u.m. of the cholesterol-fed 
animals may not be justified. It will be seen that the weight of the faeces in the 
case of the latter animals is much greater than that of the controls and that this 
difference appears to be due to the cholesterol excreted. It has been assumed, 
however, that this difference does really represent the true cholesterol excretion 
and it will be seen later that on making a cholesterol balance sheet this assump- 
tion is apparently justified. Part of the u.m. of the controls is probably derived 
from the u.m. of the arachis oil fed. The content of U.m. in the oil has been esti- 
mated by Mr G. N. Jenkins to be 0-16%. If this was excreted unchanged the 
quantities present for example during the second period on the 15, 20 and 30% 
fat diets would be 0-22, 0-21 and 0-20 g. respectively. It will be seen, however, 
from Table III that the quantity of u.m. excreted is much greater than this. 
A complete study of the faecal lipoids is in progress. In the final column of 
Table IV is given the absorption of cholesterol per rat per day. It will be seen 
that this is highest on the 15 % fat diet and particularly high for the first period. 
No allowance is made for absorption followed by excretion. For the final period 
of feeding the absorption per kg. rat per day is 0-3-0-4 g. cholesterol. 


THE UNSAPONIFIABLE MATTER OF THE ANIMALS 


In an attempt to find the fate of the cholesterol the animals used in the 
experiments were analysed. They were not fed for the final 24 hours, being left 
with the remains of their food. The animals were bled under anaesthesia, the 
blood being analysed with the carcasses. The methods used for the analysis of 
lipoid are the same as described previously with the exception that the saponified 
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material was first extracted at least 4 times for the u.m. It was then acidified and 
the fatty acids were determined. The results are shown in Table V. The typical 
“‘fatty ” liver is to be observed in the cholesterol-fed animals. It will be seen that 
there are some indications that the high fat diet increases the fat in the liver but 
how far this is significant is not known. 

A balance sheet of the cholesterol may now be constructed. This is shown in 
Table VI. 


Table V. The analyses of the animals for “fat” or total lipoid and 
unsaponifiable matter (U.M.) at the conclusion of the experiment 


Liver 
—_—_#__ Carcasses (pooled samples) 
as —__ ow?“ Gut 
% Pooled samples aas bas (pooled samples) 
of = —————“—“ “Fat” um. %of % of —  —~—Y, 
body “Fat” um. % % g. g. body body Wt. “Fat” um 
Wt. wt. g. g. “Fat” um. Wt. (a) (6) wt. wt § g. g. g. 
73 34 — 002 31 — 320 483 036 15:1 O11 205 2-17 007 
6-1 42 
94 50 249 072 144 415 282 0 054 202 0-19 162 2-17 0-10 
79 58 
6-7 3 002 39 — 344 0-76 17-9 0-22 246 2:90 0-09 
6-8 
10-0 5- ‘75 0-63 142 3-27 0 0-69 0-23 21: 0-23 
94 6 
85 36 — 002 ‘T — 2 0-29 0-08 . “52 0-08 
6-7 
103 49 3-80 0-89 18-35 4-28 
10-4 7: 


Diet 
15% control 


p 
& 


Plus cholesterol 
20% control 
Plus cholesterol 
30% control 


Plus cholesterol 


4OOy 4003 4005 41005 400, 1005 


Table VI. Cholesterol balance 
Fat in diet 


20% 30% 


Cholesterol in x g g. 
Faeces : 19-42 17-84 
Livers ; 0-61 0-87 
Carcasses . 0-0 0-10 
Gut . 0-14 0-14 
Total . 20-17 18-95 
Fed . 29-77 26-99 
% accounted for 2. 67-7 70-1 


The values for cholesterol in Table V have been obtained by subtracting from 
the cholesterol-fed animals the amount of unsaponifiable matter present in the 
control animals. 

Discussion 


Perhaps the most striking result is the relatively large amount of cholesterol 
which the rat is capable of absorbing. The dynamics of cholesterol absorption 
have never been exhaustively studied. Dorée & Gardner [1908] studied the 
absorption of cholesterol in the rabbit and cat but did not make a balance sheet 
of their experiments. Page & Menschick [1932] have studied the cholesterol 
absorption in the rabbit but as their experiments are on a herbivore which does 
not normally eat a diet containing much fat their figures can hardly be compared 
with the results obtained for the rat. That cholesterol is absorbed only in the 
presence of fat seems to have been tacitly assumed; the only experimental 
observation that the writer can find is that of Thannhauser [1923] whose pub- 
lished experiments on this point do not seem to be very extensive. The deleterious 
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effect on the growth of the animals appears to be most marked on the 15% ‘fat 
diet. It may be observed that this series in this communication did not show the 
lowering of body fat seen in the previous paper [Cook, 1936]. Further experi- 
ments are in progress and indicate that this effect varies to some extent with the 
sex of the animals, the males being apparently more susceptible to the action of 
cholesterol. With the higher fat concentrations, whilst the growth rate is less 
than that of the controls the deleterious effect is less marked. 

The analyses of the animals show, in agreement with other workers, that 
cholesterol is largely concentrated in the liver. There appears to be a considerable 
metabolism of cholesterol by this organ. 

It is not intended to deal with the fate of the cholesterol in the present com- 
munication. It may be mentioned, however, that the discrepancy can be 
accounted for in part, at least, by an increase in the acid fraction of the faecal 
lipoids. 

SUMMARY 

1. Growing rats were fed on diets containing 15, 20 and 30% fat with and 
without 2 % cholesterol. The food intakes, growth of the animals and excretion of 
cholesterol in the faeces over various periods of the growth curve have been 
measured. 

2. Cholesterol has a deleterious effect on the growth rate, which is most 
marked with the 15% fat diet. This effect is probably due partly to a lessened 
food intake during the first 3 weeks ; thereafter the rats appear to adapt themselves 
to the diet. 

3. The absorption is not increased by raising the fat concentration in the diet 
although this effect is offset to some extent by the fact that the animals maintain 
the same calorie consumption, i.e. they eat less of the high-fat diet. But as the 
cholesterol is present in greater concentration than would allow for complete 
absorption this does not affect the conclusions. The quantity absorbed is greatest 
for the first 3-weekly period on the 15 % fat diet but eventually falls to the same 
value as for the other diets, viz. 0-3—-0-4 g. per kg. rat per day. 

4. The animals were analysed; the cholesterol appears to be concentrated in 
the livers. The “fatty” liver appears to be slightly more marked on the high-fat 
diet. 

5. On constructing a balance sheet approximately 30 °% of the cholesterol fed 
remains unaccounted for by the unsaponifiable fractions found in the faeces and 
in the animals’ bodies. This discrepancy is greatest on the 15% fat diet. 


The writer is indebted to Sir F. G. Hopkins for his kind encouragement. 
The animals were tended by Miss V. R. Leader to whom his thanks are due. To 
the Medical Research Council he is indebted for a grant covering part of the 
expenses. 
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Ir is usual to regard the liver as the only considerable depot for vitamin A in the 
vertebrate body. Numerous instances are recorded of vitamin A or carotenoid 
pro-vitamins occurring in appreciable quantities in a variety of tissues—the 
M.R.C. Special Report on vitamins [1932] included a comprehensive list which 
has since been amplified—but the general impression gained from the literature is 
that the total amount of vitamin in non-hepatic tissues is always unimportant in 
comparison with the liver reserves. Perhaps as a result of this feeling, relatively 
little quantitative study has been accorded to oils from other parts of the body, 
and in any event the majority of such oils give little or no blue colour with anti- 
mony trichloride, either before or after saponification. Few exceptions have been 
reported. The present authors found spectroscopic evidence of vitamin A in 
conger eel peritoneal fat and in the peritoneal and pancreatic fats of the sturgeon 
[Edisbury et al., 1933], but there seemed at the time no reason to suppose that in 
some species other body tissues might contain a total quantity of vitamin A 
equal to, or even exceeding, the liver reserves, despite the necessarily far lower 
concentration in the body. 

In the present work, two species of eel have been studied: 

(i) Anguilla vulgaris, from Holland and the Dee Estuary, Scotland, and 

(ii) Anguilla aucklandi Rich., from New Zealand, by courtesy of the Dominion 
Government Authorities who supplied about half a ton of fish, transported in 
cold storage. (This eel is also variously termed A. aucklandii and A. dieffenbachit. 
According to Phillipps [1932] the latter is the more strictly correct designation on 
grounds of priority; but A. aucklandi appears to have the widest usage.) 

The preliminary experiments were concerned only with determining the 
potencies of the liver oils from specimens of different sizes [cf. Lovern et al., 1933; 
MacPherson, 1932; 1933; 1934]. Some compared favourably with halibut liver 
oil in vitamin A content, but the percentage of oil yielded by the liver was very 
much lower than we had previously encountered in any species of fish. These 
“oils” were solid at room temperature, most melted at body temperature, but 
some remained highly viscous up to 100°; all were gummy materials resembling 
crude concentrates in appearance and had a curious odour reminiscent of vege- 
table unsaponifiable matter. The percentage of unsaponifiable matter was 
determined for some of the oils and found to be 16-18 %. 


1 Part of this paper was read at the 179th Meeting of the Biochemical Society; ef. J. Soc. chem. 
Ind., Lond., 55, 508 (1936). 
( 416 ) 
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Later experiments included the examination of oils from head, skin, body 
(musculature and skeleton, excluding skull), liver and the remainder of the 
viscera; whilst, later still, bodies were divided at the vent into roughly equal 
trunk and tail portions which received separate treatment. The non-liver oils 
were in general much paler in colour than the liver oils, melted more freely and 
had a normal odour. Although individually reproducible, the yields obtainable 
from corresponding tissues varied considerably between different batches of eels. 

The estimates of vitamin A content recorded in the ensuing tables have all 
been determined spectroscopically on the ether-extracted oils, which are assumed 
to contain the whole of the vitamin originally present in the tissues. Weak oils 
were saponified following our standard technique [Hume & Chick, 1935, p. 52; 
also Morgan et al., 1935] and the blue colour with antimony trichloride was 
studied using a visual spectrophotometer. Some of the richer materials were 
assayed by the ultraviolet absorption method, taking the intensity of absorption 
near 328 my (actually 325 my for most of these eel products) as the criterion. 
This method was, however, found unsuitable for certain of the materials owing to 
the presence of absorption of an irrelevant nature which was exhibited even by 
the unsaponifiable extracts and could not always be eliminated. In such 
circumstances—fortunately rare, excepting in very weak materials such as 
herring oil, haddock liver oil, blood—the blue colour test is regarded as the most 
satisfactory compromise and has accordingly been used exclusively in some 
series. Calculation of the percentage of vitamin A is on the basis of Z}/- 620 my, 
5000; 583 mu, 2600 (colour test); 328 mu, 1600 (ultraviolet); Carr-Price value 
78,000, obtained for the richest concentrate examined by us [Carr & Jewell, 
1933], which is arbitrarily taken as 100% vitamin A and which, it is believed, 
was not far from “pure” C,,H,,OH. In the absence of irrelevant absorption in 
the ultraviolet and of inhibitors in the colour test (which affect the 620 my band 
preferentially and must be allowed for as far as possible, together with a direct 
experimental error of + 5%, in arriving at an estimate) the amount of vitamin A 
is directly proportional to the intensity of absorption at the maxima specified. 
Owing to the difficulties encountered in the present investigation the limits of 
error are likely to be rather wider than usual, but they probably do not exceed 
+10%. All the figures recorded here must be regarded as referring only to the 
C.5H,,0H content. No assumptions are made concerning possible differences in 
the biological activity of isomerides etc., and any hypothetical transparent and/or 


Table I. Vitamin A content of livers from Anguilla aucklandi 


Vit. A 
Vit. A Vit. A content Approx. 
Oil content , content of whole total 
Weight of content of oil Re of oil liver vit. A 
liver of liver Carr-Price from B.u. 328mp fromu.v. tissue per liver 
g. % B.U. % (u.v.) % mg./100 g. mg. 
— 3 2600 3-3 56 3-5 105 a 
71 1-6 640 0-82 13 0-81 13 0-92 
19-5 1-2 3180 4-07 58-3 3-64 44 8-5 
<5 3-0 1620 2-08 31-5 1-95 59 Up to 2-9 
5-7 1-5 1660 2-13 34-3 2-15 32 1-6—2-2 
7-12 2-1 1480 1-9 35-5 2-22 47 3-2-5-6 
12-15 1-4 1560 2-0 44 2-75 39 4-6-5-8 
15-20 2-1 [1000] — 34-3 2-15 45 6-7-9-0 
20-25 2-5 1900 2-44 43 2-7 67 13-5-16-9 
25-30 1-4 2490 3-19 55 3°44 48 12-0-14-4 
>30 1-6 1860 2-38 47 2-93 47 Over 14 
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Table II. Vitamin A content of livers from 
Anguilla vulgaris 


Vit. A Vit. A 
content | ’ content Average 
of oi] | Spectroscopic Vit. A of whole total 
Oil from colour test content of liver vit. A 

Average No. of content Carr- B.U.. ——S—— _ oil from tissue per 

weight of eelsin of livers Price mg./ tad colour test mg./ 

livers, g. batch % B.u. 100g. 620mp 583mp mg./l00g. 100g. 

5 22 2. 5 2 n ‘ 5 
0-53 226 2-1 160 200 11-2 6-4 ao} 230 48 


0-86 2. 200 2- 783 63 


1-41 g F 4 5 8-2 


13-5 14-5 


11-0 ‘ 11-6 
a78 50) 660 oT7-1 3-4 


Note. On an average, these livers represent 3-2% of the weight of the entire eel. 


Table III. Vitamin A content of the largest eels in Table II 
(average weight 391 9.) 
Vit. A 
Vit. A content of Total vit. A 
Percentage of Oil content content of oil original tissue _ in tissue 

total wt. of eel % mg./100 g. mg./100 g. mg. 

Liver 3-2 4-1 660 27 3-4 
Viscera 3-0 8 20 1-6 
Body 93-8 14 12 l- 


0- 
6- 


Table IVa. A. aucklandi. Total quantity (mg.) and concentration (mg./100q.) 
of vitamin A in tissues and oils 


Body Liver Viscera 





Av. No. z r 
wt. of Whole tissue Whole tissue Whole tissue Entire eel 
of eels Oil — Oil ——._ Oil —_ oo 
eels in mg./ mg./ mg./ mg./ mg./ mg.) mg./ 
kg. batch 100g. 100g. mg. 100g. 100g. mg. 100g. 100g. mg. 100g. mg. 
0-37 = 11 4 0-26 0-84 540 36 1-5 15 0-48 0-06 0-64 2-4 
0-50 10 10 0-74 3-5 970 62 3-4 42 0-97 0-19 71 
0-79 = 11 8 0-77 5-7 690 45 3-8 26 0-68 0-22 9-7 
1-2 13 8 1-0 11-5 550 41 6-5 11 0-51 0-32 18-3 
1-6 10 10 1-8 26 810 66 13 18 0-65 0-54 40 
2-0 6 14 3-1 56 920 62 15 25 1-15 1-25 72 
2-5 
1-5 


— 
Soros > 


72 
3-0 1l 12 68 820 58 22 20 1-42 2-4 92 
3-9* 1 29 56 4100 123 64 ca.30 ca.0-3 ca. 0-45 


2 OS OO DD 


—_-— 


120 


* One specimen only. Very low fat content. Cf. Table IVb. 
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Table IVb. A. aucklandi 


Body Liver Viscera 
- o A. a 
Percentage Percentage 
Average Average Oil Oil of total Oil of total 
weight length content content weight of content weight of 
cm. % eel 9 eel 
48 6-5 1-11 3-46 
53 “4 1-08 3-82 
63 6 if 1-06 
‘7 
8 
C 


rs 
oa 
~ 


@&wrws 
Hm St 00 Or 


re 
9- 
74 12- 1-33 
81 17- 1-24 

21- 

20- 

5 


> S 


86 9 6-8 1-23 
1-25 


94 7 7: 
2 3-0 1-33 


107 


he 1m om ty DO we 
ge grange 
“1D he bo 


a 


Table V. A. aucklandi (tissues other than liver or viscera) 


Vit. A Non-liver 
Vit. A content of Total vit. A 
Wt. of Oil content whole Wt. of non-liver content of 
tissue content of oil tissue vit. A vit. A whole eel 
g. mg./100g. mg./100 g. mg. mg. mg./100 g. 
Body times: (1) Length of eel 84 cm.; weight 1-35 kg. 
Trunk 472 35 20 0-7 33 1-29 
Tail 416 17-3 17 2-9 12-2 
Head 252 3-8 9-7 0-37 0-93 
Skin 140 22-1 3 0-66 0-93 
(2) Length of eel, 89 cm.; weight 1-9 kg. 
Trunk 663 9-9 15 1-5 9-9 
Tail 733 19-4 9 1-7 12-8 
Head 107 6-5 8-3 0-54 0-58 
Skin 238 34-9 2 0-7 1-65 
We are unable to account for the very low oil content of the trunk (i.e. the fore portion of the 
body, including the visceral cavity) of the smaller eel, or for the apparent inversion of head weights. 
The latter phenomenon has repeatedly been observed, despite a standard procedure in severing the 


heads from the bodies. 
Table VI. A. vulgaris 
Vit. A 
content Total 
Vit. A of whole non- 
Weight Oil content tissue Weight liver 
of tissue content of oil mg./ of vit. A vit. A 
g. % mg./100g. 100g. mg. mg. 
Body tissues: Group 1. Average length of eels (9) 86 cm.; weight 1-26 kg. 
Trunk 472-5 24-7 32 15-2 34-5 
Tail 351-1 29-1 3:2 11-2 
Head 92-0 10-6 é 
Skin 290-0 22-7 
Viscera 45-5 13-9 
Liver 16-0 8-4 
Group 2. Average length of eels 7“ 96 cm.; weight 1-53 kg. 
27-1 64-5 
25-1 
1-4 
9-3 
1-65 
40-2 
Percentage of total 
Percentage of total weight vitamin A in 
aS ————— 
Viscera Liver Head Skin 
3-61 1-25 1-7 12-8 
2-84 1-61 1-3 8-8 


Body tissues: 


Body tissues: 
Trunk 571-4 25-0 19 
Tail 462-4 25-8 21 

Head 106-1 15-0 9 

Skin 325-5 25-9 ll 

Viscera 43-5 15-2 25 

Liver 24-5 20-5 800 


E ep tom oi 
COW! 
Or Or bo Or 


_ 
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Table VII. Distribution of total vitamin A 


Percentage of total vitamin A present in 
= 
Body tissues 


Ratio 
Non-liver vit. A 


Av. wt. ofeels including head 
kg. and skin Viscera Liver Liver vit. A 
A. aucklandi 

0-37 35 2-5 62-5 0-60 
0-50 49 2-7 48 1-09 
0-79 59 2-3 39 1-55 
1-2 63 1-7 35-5 1-82 
1-6 65 1-3 32-5 2-04 
2-0 77-5 1:7 21 3-81 
3-0 73-5 2-6 24 3-12 
3-9* 46-5 0-4 53 0-88* 


A, vulgaris 
9 






* See Tables 4a and 4b. 


non-chromogenic or otherwise abnormal substances which may possess vitamin 
A activity are ignored. Subject to these reservations, however, the potency of the 
various materials may be considered as of the order 20-25 International Units 
per g. for each mg./100 g. of ‘‘vitamin A” content. 


Discussion 


In view of previous work on the liver oils of halibut [Lovern et al., 1933], cod, 
and American plaice (Hippoglossoides platessoides Fab.) (MacPherson, 1932-34; 
1933] it was expected that the vitamin A content of eel liver oils would 
also tend to increase with the age and size of the fish. This tendency is in fact 
exhibited in some degree but it is by no means as pronounced as had been antici- 
pated. It is clear from the data that if the whole of the vitamin were stored in the 
liver the oils would indeed show a well-marked progressive increase in potency 
with age, even if the oil content of the liver simultaneously increased consider- 
ably, as it does in many species. But in these eels other tissues form a depot for 
vitamin A in addition to, and apparently at the expense of, the liver. An 
increase in the oil content of the body tissues seemingly favours this transference 
from liver to body. The skin, however, despite a high oil content, accumulates 
little vitamin A, and the head rather less in some cases than would be anticipated 
from the already lower oil content. There thus appears, in effect, to be some kind 
of selective mechanism at work, influenced to a varying extent by the oil content. 
(From the data a general picture emerges of the available vitamin A being 
“‘partitioned”’ between the several organs almost as if between a number of 
immiscible solvents—although naturally the analogy cannot be pressed very 
far.) The single extremely lean specimen in Tables IV and VII is an interesting 
example of the effect of low body oil content. Starvation is well known to result 
in a scanty but rich liver oil because the oil reserves are utilized more rapidly 
than the vitamin [Zilva e¢ al., 1924; Drummond & Hilditch, 1930]. In this eel, 
whatever may be the cause of its leanness, the result has been to transfer a large 
proportion of the vitamin A from the oil-depleted body back to the liver, so 
reverting to the conditions which obtain in the smaller eels of this series. It may 
be significant that the striking tendency shown by A. aucklandi for the ratio 
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Non-liver vitamin A 
increasing body oil content. No such correlation has yet emerged from our 
briefer study of A. vulgaris. The body tissues of this eel are richer in vitamin A 
than those of A. aucklandi of equal size; this may be because, being smaller by 
nature, such specimens are more nearly fully grown. 

It is not uncommon for the blue value of a weak oil to be doubled or trebled 
when natural inhibitors are removed by saponification and the colour data 
calculated back to the original weight of oil. A negative test on the part of an 
oil has hitherto been regarded as indicating the absence of vitamin A, but in this 
investigation we encountered two oils which gave no blue colour at all with 
antimony trichloride before saponification and a pronounced blue colour after- 
wards. These were the first instances of complete natural inhibition to be 
observed by us.! Since then we have examined three other fish oils giving no 
colour reaction as oils (Table VIII). Two of these again showed distinct evidence 
of vitamin A after saponification; the third, since no 620 my band could be 
discerned, probably contained no vitamin A, but it was impossible to confirm 
this more definitely by the reaction with alcoholic hydrogen chloride [Edisbury 
et al., 1932] on account of the presence of excessive irrelevant absorption. 


to increase with age is also accompanied by a progressively 


Table VIII. Oils which gave no colour reaction before saponification 
Spectroscopic colour test 
via non-sap. Vitamin A 
a onan content of oil 
EX. 620mp = E}-* 583 mp mg./100 g. 
Eel body oil* 0-196 0-105 3-9, 4-0 
Eel visceral oil* 0-71 0-41 14, 16 
Herring (entire) oil 0-095 0-063 19, 2-5 
Halibut body oil 0-013 0-014 >0-26, 0-55 
Salmon body oil Absent + 0-01 Negligible in this 
ill-defined specimen 


* From small specimens of A. aucklandi. 


It will be seen that, at very low concentrations of vitamin A, inhibition some- 
times assumes significant proportions even in unsaponifiable extracts (cf. 
halibut body oil) and it is conceivable, though unlikely, that this is the reason for 
our inability to detect a 620 my band in the salmon sample. Removal of sterols 
by freezing in methyl alcohol usually reduces residual inhibition but is apt in 
small scale experiments to result in serious loss of vitamin. The last three oils in 
Table VIII were from individual fish and may not therefore be representative, 
but it is worth noting that the figures indicate a vitamin A content of 0-08 mg./ 
100 g. for the flesh of this particular halibut, and 0-3-0-5 mg./100 g. for the whole 
herring. It is perhaps also of interest to mention here that the body oil of the 
river lamprey Petromyzon fluviatilis gave a weak blue colour with antimony 
trichloride: 


Lamprey body oil itself H},/° 612 mp, 0-18; 575 mp, 0-17 — 
Via non-sap. E} /: 620 mp, 0-40; 583mp, 0-23; 328 mp, 0-135 
Calc. vitamin A content 8-0 8-4 8-4 
of oil mg./100 g. 

1 Mittelmann [1925; 1927; summarized by Bezssonoff, 1929] reported that the oil from newly 
autoclaved fresh cod livers gave no colour reaction, but that it acquired normal chromogenic 
properties on ageing or mild oxidation. Repeating this work, Lovern et al. [1931] confirmed that 
the ability to give a blue colour increases as Mittelmann had shown, but they failed to obtain any 
completely non-chromogenic oil. 
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corresponding with about 0-7 mg./100 g. of vitamin A for the entire body; and 
that in the light of present knowledge we should estimate the vitamin A content 
of the non-liver oils referred to at the beginning of this paper to be: 


Conger eel peritoneal fat, ca. 5-10 mg./100 g. 
Sturgeon peritoneal fat, ca. 15 a 
Sturgeon pancreatic fat, ca. 15 a 


The following figures may be quoted as typical for purposes of comparison: 
Halibut liver oil 170—10,000 mg./100 g. (average ca. 2000) 
Cod liver oil 20-100 sa (average 40-60) 
Haddock and codling liver oil 4 mg./100 g. 


while the activity of good summer butter, expressed as if due solely to vitamin A, 
corresponds with about 2 mg./100 g. on this basis. 

The vitamin D aspect of the problem is not (for the present, at least) amen- 
able to spectroscopic study, but some figures from recent literature seem when 
taken in conjunction with our own results to be highly suggestive. Ward [1936] 
quotes 1400 International Units of vitamin D per g. as typical for liver oil 
from Anguilla sp., while Cunningham [1935] reports 47 1.v. per g. for whole 
specimens of A. australis, a species of eel extremely closely related to A. aucklandi. 
The livers of A. aucklandi examined by us represented on an average 1-2 % of the 
weight of the entire eel, and contained 1-2-8-1 % of oil; corresponding limits for 
A. vulgaris were 1-25-3-2 % and 2-05-20-5 % respectively. Similar data were not 
published for Cunningham’s eels, but it seems improbable that they lie outside 
both these sets of limits and most likely that they resemble closely the A. 
aucklandi figures. Accepting this, it follows that either (i) the liver oils were 
exceptionally rich in vitamin D (7000—200,000 I.v. per g. on the A. vulgaris basis, 
or 50,000-300,000 I.U. per g. on the more probable A. aucklandi basis) ; or (ii) the 
non-liver tissues form a considerable depot for vitamin D in addition to vitamin 
A. The subject appears to merit further investigation. 


SUMMARY AND CONCLUSIONS 


1. In the eels Anguilla vulgaris and A. aucklandi substantial quantities of 
vitamin A occur not only in the liver but also in other tissues, and evidence is 
adduced from recent literature that the same may be true for vitamin D. 

2. The distribution of vitamin A is approximately: liver tissues 20-60 % of 
the total; body 25-65 %; skin ca. 10%; viscera 2%; head 14%. 

3. The concentration in the body tissues tends to increase with age, and in 
A. aucklandi is correlated with and possibly dependent on the amount of oil 
present. 

4. The concentration in the liver oil and in whole liver fluctuates but shows 
the same tendency to increase with age, though to a less degree. In A. aucklandi 
the potency is often of the same order as halibut and usually greater than in 
A. vulgaris. The liver oil is scanty. 


rs ._ Non-liver vitamin A . : esi 
5. The ratio ———.—_ is variable (limits so far encountered 0-6 and 
Liver vitamin A 


3-8, usually >1-0) and in A. aucklandi tends to increase with age. 

6. Oils approaching the vitamin A content of cod liver oil are not uncommonly 
obtained from eel non-liver tissues, while the body (edible) tissues themselves 
compare favourably with good summer butter. 

7. Non-liver oils from other fish—including conger eel, sturgeon, halibut, 
herring, lamprey—also contain appreciable quantities of vitamin A. 
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8. For very weak materials substantially free from carotenoids the antimony 
trichloride colour test is frequently more suitable than the ultraviolet absorption 
method for the quantitative estimation of vitamin A. Complete inhibition of the 
blue colour is occasionally encountered, a fact which emphasises the need for 
saponification in the routine examination of weak oils. 


One of us (J. R. E.) is indebted to the Medical Research Council for a full time 
personal grant. 
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Tuart the pellagra-like syndrome due to the ingestion of egg white was prevented 
or cured by certain foods, the potency of which apparently was not attributable 
to their content of vitamin B, or B, but to an unknown factor (factor X), was 
early noted by Boas [1927]. The concentration of the active factor in an extract,’ 
suitable for injection, has been accomplished [Lease & Parsons, 1934, 1; Lease, 
1936]. This furnished a valuable approach to the study of the fundamental 
nature of the injury due to egg white. Early work had shown that the incidence 
and severity of the characteristic dermatitis were graded directly in respect to 
the concentration of egg white in the diet on which it was produced [Parsons, 
1931]. From time to time the observation was made in this laboratory that the 
higher concentrations of dietary egg white required larger doses of curative 
foods than the lower concentrations, in harmony with the observation of Boas 
[1927]. It was therefore deemed of importance to determine with greater 
precision to what extent and under what conditions an interrelationship exists 
between the amount of the factor necessary for cure and the amount of egg white 
present in the diet. 




















EXPERIMENTAL 











The plan of the experiment was to produce a standard grade of the char- 
acteristic disorder in rats and chicks on rations containing fermented dried egg 
white and well supplemented with the commonly accepted dietary essentials, 
the details of which have been described [Parsons & Kelly, 1933]; the potent 
factor was then to be administered in graded portions either by intraperitoneal 
injections of Extract A or by combining this extract or potent food with the 
ration. The injections were also graded in respect to time intervals, i.e. monthly, 
fortnightly, weekly and semi-weekly. Direct oral feeding of the extract was 
attempted for a few of the rats and chicks. In the experiments both with in- 
jecting and feeding the factor, the concentration of egg white of the ration was 
likewise graded during the test period so that the relationship of the potent 
factor to the egg white received by the animals was varied in many ways. 

1 This work was supported in part by a grant from the Alumni Research Foundation. It is 
published with the permission of the Director of the Agricultural Experiment Station. 

A part of these data was presented before the American Society of Biological Chemists at 
Washington, D.C., 28 March 1936. 

* This extract is designated as Extract A [Lease, 1936]. 
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The standard degree of severity of the nutritive disorder at the beginning 
of the tests was such that subsequent stages of either recovery or increasing 
involvement could be accurately gauged. 


RESULTS 
Parenteral and oral administration of the potent factor in the rat 


In Fig. 1, the results of feeding graded concentrations of both egg white 
and the potent factor in the form of pork kidney after the establishment of a 
standard degree of dermatitis are given. Averages of the results from several 


Amount of pork kidney in ration 
20% 10% 7% 5% 3% 
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Fig. 1. Interrelationship between concentration of egg white and of the curative factor fed as 
pork kidney. 

The horizontal base line in each square indicates both the body weight and the degree of 
intensity of the symptoms (Grade C) at the time when the curative supplement was intro- 
duced. Above this base line, narrow lines indicate a change to less severe symptoms 
than this (Grades C to B); circles o-o-o indicate approximate or complete cure (Grades 
B to A). Heavy lines below the base line indicate an increase in severity over the initial 
symptoms (Grades C to D). The symptoms corresponding to Grades A, B, C and D have been 
described by Parsons & Kelly [1933]. Blocks above the base line indicate gain in body 
weight; the intervals marked represent 50 g. 


animals have been used inasmuch as the results were quite uniform in this 
experiment, in which the potent factor was evenly distributed by incorporating 
it in the ration. It will be seen that the severity of the symptoms, represented 
in the figure by lines, and the changes in body weight, represented by blocks, 
are graded, the greater the amount of egg white in the diet or the lower the 
amount of the protective factor included, the more severe the symptoms and the 
less the growth increments. With each step-wise increase in concentration of 
egg white as represented in the graph, a shift toward the left to higher concen- 
trations of the protective factor is necessary in order to find similar rates of 
growth and relief of symptoms. Roughly, a 230% increase in the egg white 
of the ration (from 20 to 66%) required about a 250 % increase in the amount of 
protective factor necessary in the diet for a similar degree of growth and recovery. 
The same general interrelationship was found in a similar series which is not 
presented here in detail, wherein the factor was fed as beef liver added to the 


ration. 
27—2 
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That this interrelationship does not depend on a destruction of the potent 
factor by the egg white within the ration itself has been shown previously 
[Parsons & Lease, 1934]. That the phenomenon is not due to a lack of protein for 


Total amount of extract injected per 4 weeks 


I ml. 


on 


Injection monthly 
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66 % egg white in ration 
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c 
Injection fortnightly 


Fig. 2. Interrelationship between concentration of egg white in the ration and quantity of potent 
factor (in Extract A) necessary for cure when injected into the rat at various intervals. 


The symptoms at the beginning of each curve were of the intensity denoted by Grade C 
(see Fig. 1); lines and o-o-o represent increasing stages of recovery; thin broken 
represents symptoms more severe than the initial stage. 
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which a protease inhibitor in the egg white could be held responsible has also 
been demonstrated [Parsons, 1936]. Recent results from the laboratory of 
Gorter [1936] are not out of harmony with this view. Moreover, a possible 
destructive action of the egg white on the potent factor in the digestive tract 
after one or both had undergone chemical changes during some stage of digestion 
was made very improbable as an explanation of the injury from egg white by 
experiments performed in this laboratory. In these, the given portion of potent 
food was fed as one single dose separated from consumption of the egg white 
ration by a 12-24-hour fast before and after the dosage; the results of this series 
gave no support to the hypothesis under consideration. However, the possibility 
that the egg white causes changes in the membranes of the digestive tract 
whereby they become less capable of absorbing the potent factor suggested 
itself. To secure evidence on this point it was necessary to administer the potent 
factor parenterally to insure that any effect that the level of egg white might 
have on the requirement for the factor under these conditions could have only 
a very indirect relationship, if any, to the digestive tract. Experiments next 
performed showed that there is in fact a measurable influence of the level of 
dietary egg white in increasing the amount of potent factor which it is necessary 
to inject in order to cure the characteristic lesions, as was true when the factor 
was fed (see Fig. 2). When the ration contained 20% of egg white, a unit in- 
jection of 1 ml. of the extract administered monthly led to satisfactory recovery, 
whereas several times this amount was evidently necessary for the same effect 
when the ration contained 66 % of egg white, inasmuch as 3 ml. per month, given 
as three 1 ml. injections on consecutive days, were not fully curative. Larger 
unit injections of this particular lot of Extract A could not be successfully 
administered, hence the series was completed in this experiment by the use of a 
more potent preparation! of Extract A; the results are given separately (Fig. 3) 


Total amount of extract per 4 weeks (injection fortnightly) 
2 ml. 1 ml. 


Amount of egg white in ration 


Fig. 3. Interrelationship between dietary egg white and injected curative factor 
using a more potent extract. 


to avoid confusion. A dosage of 2 ml. of this extract per month, given as 1 ml. 
injections fortnightly, resulted in prompt and sustained cure over 24 weeks 


1 The same method was used as for the previous sample but it was prepared from a certain 
lot of liver residue which was found, by feeding tests, to contain a higher concentration of the 
potent factor than other lots. 
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on rations containing either 20 or 66% of egg white; half of this dosage 
permitted pronounced improvement on 20% of egg white but resulted in an 
absence of a sustained cure on 66 % of egg white although life was prolonged for 
weeks. 

It is to be noted in Fig. 2 that the extract was more effective injected as one 
massive dose monthly than when divided into two portions and the half doses 
given fortnightly. As the results of the injections given weekly and semi-weekly 
at the levels of 1 and 0-5 ml. total extract per month were in harmony with the 
others, the records have been omitted to save space. 

The character of the individual response is of interest; with the injections 
that were spaced most widely as to time there was typically a sharp improve- 
ment after the injection, followed by a decline before the next dosage ; the effects 
of additional injections were often cumulative. Because of these fluctuations it 
was considered advisable to prolong the test period far beyond that employed 
when the extract or potent foodstuff was more evenly distributed by incor- 
porating it in the ration itself. 

In order to decrease to a minimum any possible dietary source of the potent 
factor in the series in Fig. 2, the corn-starch was baked at 100° for 6 days, a 
period of time which had been thoroughly destructive of the factor in previous 
experiments [Parsons & Lease, 1934], and the B-vitamins were included in the 
ration in the form of alcoholic extracts! in which none of the potent factor had 
been detected by our previous experiments. It is believed, therefore, that with 
this precaution, the differences found in the rats’ requirements for the injected 
factor with 20 and 66% of egg white, respectively, were influenced negligibly 
if at all by any direct action of egg white on the factor in the digestive tract. 

Food intake records showed that somewhat more of the 20% egg white 
ration was eaten than of the 66% ; however, in no case was the consumption of 
the 20% egg white ration great enough to make the intake of egg white at all 
commensurate with that on the 66% ration. 


Parenteral and oral administration of the potent factor in the chick 


As in the case of the rat cited above, so, to a somewhat less extent with the 
chick, the onset of severe dermatitis was observed to be correlated with the 
concentration of egg white in the rations on which it was produced. Although 
mild symptoms were often noted in a given group of chicks on 5 % of egg white 
as soon as in groups on 20%, nevertheless a much longer time elapsed as a rule 
before these symptoms were severe enough for use in standard tests, and a certain 
proportion of the chicks failed to show any very definite symptoms within the 
time of observation. The character of the symptoms themselves differed also 
somewhat from those obtained on a 20% egg white ration, the dermatitis 
tending to become severe primarily on the feet and then on the neck and under 
the mandible with the 5% concentration rather than at the corners of the beak. 

Direct indication of the interrelationship between concentrations of egg white 
and curative factor in chicks was furnished by feeding Extract A, evaporated on 
the bran and middlings of the ration, in curative experiments similar to those 
just described for the rat in which pork kidney and liver were fed. The increases 
in the amount of curative factor made necessary by the increases in concentration 
of egg white are clearly seen in Fig. 4. It seems worthy of note, that these data 
do not give any evidence that the factor was more sensitive to increasingly 


1 These extracts are the 50% ethyl alcohol-soluble portions of yeast, and of wheat embryo 
previously extracted with a commercial fat solvent. 
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large amounts of egg white in the ration when the two were combined after the 
factor had been extracted and concentrated than it did in the form of pork 
kidney used in the series with rats. This was borne out by an experiment in 
which Extract A was allowed to stand with various dietary ingredients, then 
evaporated on them, and in which it was found that this factor in its extracted 


Amount of extract per day fed dried on ration 


Amount of egg white in ration 


Fig. 4. The interrelationship between dietary egg white and potent factor is here shown for the 
chick as it was for the rat in Fig. 1. 
The potent factor in this experiment is furnished by Extract A dried on a part of the 
ration. The symbols for changes in symptoms and body weight are identical in Figs. 1 and 4. 
A detailed description of the symptoms is given by Lease & Parsons [1934, 2]. 


Amount of extract injected 3 times per week 
0375 ml. 0-25 ml. 0-125 ml. 








Amount of egg white in ration 














ig. 5. The same interrelationship is here demonstrated for the chick as was shown in Fig. 2 
for the rat. 
The symbols for changes in symptoms are the same as in Figs. 1 and 4. 


form was no more sensitive to losses when dried on egg white than when dried on 
starch. This confirms the previous observation that the injurious effect of egg 
white is not due to changes which may take place in the ration mixture as such. 

In the next series of experiments doses of Extract A ranging from 0-125 to 
3 ml. were injected into chicks three times a week; the egg white in the ration 





430 H. T. PARSONS, J. G. LEASE AND E. KELLY 


varied from 5 to 30%. The exact details of the experiments with rats could not 
be repeated with the chick inasmuch as a level of egg white as high as 66 % was 
usually fatal to the chick in a short time, and the minimum curative requirement 
of potent factor for this level was so high that injections adequate for cure were 
too large to be well borne by young chicks. Haemorrhages from injections 
occurred more frequently in the chick than in the rat and there was much more 
evidence of shock in the small chicks. On the other hand, the degree of cure by 
injection seemed to be approximately as consistent in the chick as in the rat 
for the test period used. However, in only a few instances were the chick experi- 
ments continued for intervals at all comparable with those for the rat, inasmuch 
as the chicks grew so large after a few weeks that their housing, feeding and 
care involved considerable difficulty with the equipment at hand in the 
laboratory; therefore, in Fig. 5, experiments of 5 weeks’ or less duration are 
presented. It is apparent, however, that the need for the potent factor at any 
given level of egg white is distinctly greater for the chick than for the rat, but 
that a similar interrelationship between egg white and factor exists in the two 
animals. 

The question arose as to whether the extract was being less completely 
absorbed and utilized in the chick than in the rat, inasmuch as adhesions and 
thickening of the abdominal walls were occasionally noted on autopsy in the 
case of some chicks on long experiments, but no evidence for this hypothesis was 
obtained by testing the effect of carefully varying the site of injection in contrast 
to the constant use of the right abdominal wall. It is believed that this con- 
sideration, therefore, was of little significance in the results. In the rat the 
absorption of the extract from intraperitoneal injections took place so rapidly 
that the pigment was observed in the urine about 15 min. after the injection. 


Discussion 


The effectiveness of the intraperitoneal injections of Extract A in proportion 
to the small amount of solids introduced was striking; with a basal ration con- 
taining 40% of egg white, 4-5 ml. of a very potent lot of extract containing 
0-78 g. of total solid material produced satisfactory, nearly complete, cure in 
14 days; shortly thereafter the remaining slight symptoms disappeared. 

While the role of linseed oil noted by Salmon & Goodman [1934] and con- 
firmed by ourselves in delaying and slightly modifying the inevitable mani- 
festations of injury on egg white diets is not yet understood, it seems to be 
entirely distinct from the clear-cut protective and curative action of the potent 
factor in Extract A. In our laboratory, neither linseed oil nor lard had any 
measurable curative effect on the syndrome, either used alone or with low levels 
of the potent factor; even the protective capacity of these fats was very limited. 
Moreover, treatment of Extract A with ether did not lower its potency measur- 
ably. 

The substantial evidence which has already been presented against the 
possibility that the potent factor might be identical with one of the members 
of the vitamin B complex already known is rendered more significant by the 
dissimilar results obtained in these experiments with the injection of Extract A 
and of Eli Lilly and Company’s Extract No. 343 respectively; the latter was 
entirely without beneficial influence on the syndrome due to egg white at a level 
of 3 ml. per week as was also Liver Extract No. 171 of Parke, Davis and Company. 

No such antagonistic effect was found between the factor potent against egg 
white injury and the various members of the vitamin B complex as that reported 
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by Kellogg & Eddy [1933] in regard to the effect of vitamin B, on the require- 
ment for vitamin B,. Whether fed or injected simultaneously with Extract A, 
neither the concentrated vitamin B, nor the Liver Extract No. 343 of Eli Lilly 
and Company had any effect in either hindering or aiding the curative action. 

It seems improbable from these experiments that the results are explicable 
by the hypothesis that the effectiveness of the potent foodstuffs is only an 
indirect one in protecting some recognized antipellagric substance in the 
digestive tract and in making its absorption possible, inasmuch as in these 
experiments both Extract A and No. 343 were introduced into body tissues 
without direct connexion with the digestive tract. 

White [1936] has recently demonstrated an interesting type of deficiency in 
the rat, involving sulphur-containing amino-acids, by administering cholic acid. 
- Here a relative rather than an uncomplicated deficiency of these amino-acids 
was involved through the capacity of cholic acid to react with them in the body 
tissues. The relationship of egg white to the unknown potent factor, brought out 
in these experiments, would seem to indicate that this disorder also is metabolic 
in nature. 

The lack of precision involved in the use of the term “‘toxic”’ for such a 
physiological effect as that due to egg white has not been unrecognized by us, 
but we have been forced to employ it in this sense for want of a word which 
more fully defines the syndrome produced. We have refrained, as has Boas, 
from assigning this factor, protective against egg white injury, even a tentative 
place in the vitamin series, for the reason that it has not yet been shown to be a 
normal dietary essential although no results so far obtained preclude the possi- 
bility that it may be so. We believe that the need for this factor in normal 
nutrition is not demonstrable if egg white is included in the basal ration because 
of the peculiar influence of egg white on the need for the factor. Although 
Gyorgy [1935] has employed the term vitamin H for the factor which is curative 
of the dermatitis in his experiments (status seborrhoicus) and which he states 
to be identical with the protective factor which we have studied, the rations on 
which this dermatitis is produced in his published experiments uniformly contain 
egg white. 

The assumption of Ringrose & Norris [1936], that the physiologicai effects 
of egg white in chicks are due to an uncomplicated deficiency of a protective 
factor which, as they believe, was formed or released in their experiments 
during the autoclaving of the egg white, was not subjected by them to the 
experimental procedure of feeding the harmless heated form of egg white in the 
same ration with the toxic form to test the hypothetical production of the 
protective factor; this test has been made, with no beneficial results, in the case 
of detoxicated steamed egg white [Parsons & Kelly, 1933]. 


SUMMARY 


1. The nutritional disorder in the rat or chick, due to egg white; is not 
attributable to a deficiency, either in the diet or in the tissues, of any factor of 
the vitamin B complex so far clearly characterized. 

2. There is a definite interrelationship between the egg white of the ration 
and a certain potent factor (factor X of Boas), such that the greater the con- 
centration of egg white the greater the amount of the factor necessary to cure 
the nutritional disorder. 

3. This interrelationship is demonstrable when the potent factor is given 
parenterally as well as when given orally. This fact would seem to eliminate the 
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hypotheses that the nutritional disorder is due to a deficiency of the potent 
factor created by the direct destructive effect on it of the egg white in the ration 
mixture or in the digestive tract, or by a change brought about in the membranes 
of the digestive tract whereby the absorption of the potent factor is hindered or 
prevented. The implication of these data is that the interrelationship is metabolic 
in nature. It has not yet been demonstrated that the protective factor is a 


vitamin or that it is required in normal nutrition. 
4. The requirement for the active factor is higher in the chick than in the rat. 
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EXPLANATION OF PLATE | 


Fig. 1 illustrates a rat with severe symptoms of egg white injury after the initiation of treatment 
but before improvement was apparent. Note the swollen bare lips, swollen and encrusted 
eyelids, swollen bare paws, necrosed tip of tail, fuzzy dead hair with scurf and pigmentation 
visible, and a nerve disorder resulting in an abnormal posture. The ears are not noticeably 
involved. This is a more severe stage of the injury due to egg white than Grade C at which 
curative tests are begun in the standard technique of this laboratory. 

. 2. The same rat 10 days after initiation of injection with Extract A, given as 0-5 ml. doses 
twice a week. Note the following signs of improvement: the loss of dead hair, scurf and 
pigment which were shed at the appearance of the new epidermis, reduction of swelling 
of eyelids and paws, somewhat better posture and greater alertness. 


ig. 3. The same rat 23 days after the beginning of injections. Note the further improvement in 
the rat’s condition. 9 days before this picture was taken the extract was replaced by a 
similar one prepared from pork kidney rather than from beef liver and of greater potency. 
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In characterizing a given nutritive disorder it is of distinct advantage to produce 
it in more than one type of animal. Especially is this true if the disorder is 
complex in nature such as the one under consideration due to dietary egg white 
wherein there is an interrelationship between an injury and a relative deficiency 
[Parsons et al. 1937]. 

The manifestations of injury in the rat due to dietary egg white, as previously 
described [Parsons & Kelly, 1933; Lease et al. 1936], include redness, soreness and 
bareness of lips and paws, redness and swelling of eyelids, scurf, pigmentation, 
extensive loss of hair and a marked nerve disorder. The symptoms occurring in 
the chick as described by Lease & Parsons [1934] include swelling and reddening 
of eyelids, loss of feathers, cracking and bleeding of the skin of the feet and the 
appearance of a bloody scab at the corners of and under the mandible. The 
symptoms in both types of animals may readily be cured by foodstuffs containing 
the potent factor. 

The purpose of the present paper is to record the effects produced on three 
other types of animals and to make some comparisons among them. 


Experiments with the guinea-pig 


The first experiments, employing slight modifications of the standard basal 
ration containing 66 % of dried egg white used in experiments with rats, resulted 
in the steady decline of the guinea-pigs, terminating in prostration, convulsions 
and death in 5-10 days. Haematuria was present in some cases and haemorrhage 
of the digestive tract in others. A preliminary dose of 3 g. of cooked pork liver 
given the day before the egg white ration was begun, a procedure which success- 
fully protected the rat, did not delay death in the guinea-pig. A number of 
foodstuffs curative of symptoms in the rat were tested in the ration without 
success. It was found necessary to introduce the egg white ration gradually; 
when the egg white was raised step-wise to 50%, of the ration the guinea-pig 
tolerated this level fairly well. 

The animals usually became inactive and hunched, and the hair dull, un- 
kempt, matted and sticky with the egg white ration on lips and toes, but no bald 
or sore areas developed except, in a few cases, a transient bareness and redness of 
the lower lip and the toes, which was rather mild in character. One guinea-pig had 
scaly skin on the soles of the feet. It was uncertain whether or not the bareness 
was attributable to a pulling off of the hard lumps of food embedded in the hair. 

1 This work was supported in part by a grant from the Alumni Research Foundation. Published 
with the permission of the Director of the Agricultural Experiment Station. 
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When 20% of dried cooked pork kidney was incorporated in the ration, the 
general condition of the animals was noticeably superior to that of the others; 
they were more alert and active and the hair was glossier and smoother. How- 
ever, transient redness and bareness of the lip was observed in this group also, 
although not to the same extent as in the other. 

A new lot of guinea-pigs was established on the following ration: egg white 
30 %, alfalfa 5%, irradiated rice polishings 10%, salt mixture 2-5 and later 4%, 
butter fat 8%, starch and sucrose in equal amounts to make 100% and daily 
addition of 5 g. of cabbage or of cabbage and carrots. On this diet the possibility 
of injurious effects from the cod liver oil was eliminated. After 4 weeks the egg 
white was increased to 40% and a few days later to 50%. One group of these 
animals received Extract A as an intraperitoneal injection. This concentrate of 
the potent factor! was given daily (6 times per week) in 0-5 ml. and later in 1 ml. 
portions. A small control group was given the same ration except that an ex- 
tracted meat powder replaced the egg white ; one of this group received injections 
of Eli Lilly and Company’s Liver Extract No. 343. 

Of these animals only the ones given the extracted meat ration without in- 
jections made any considerable gain in weight, an average of 155g. in 9 weeks, 
and constituted the only group, also, in which no deaths occurred. The guinea- 
pig receiving the meat ration and injections of Extract No. 343 began losing 
from the first day of injection and died on the 20th day. The groups receiving 
egg white made only about one-third of the gain of the meat-fed group. There was 
little difference in the gains in the egg white group in respect to the presence or 
absence of injections of Extract A; deaths occurred in both groups about equally 
except that they occurred somewhat later when injections were given. Intro- 
ducing linseed oil into the ration made little difference in growth and longevity. 

Manifestations of the egg white disorder other than a slowing of growth were 
vague and slight when detectable at all and were not correlated with the presence 
or absence of injections. If there was a favourable effect of the potent extract, 
this was offset by an injurious effect of the administration of the injection; this 
was certainly not true in the cases of the rat, chick and rabbit. This leaves some 
doubt as to the specificity of the slight symptoms observed in the first experi- 
ments with guinea-pigs. 

Experiments with the rabbit 


Various modifications of the egg white rations which had been fed to the rat, 
chick and guinea-pig were tried with the rabbit with unsatisfactory results. The 
high mortality encountered seemed to be attributable to some deficiency or 
injury not related to the characteristic disorder due to egg white; there was 
usually extreme prostration and paralysis and often an exaggerated distention of 
the urinary bladder. However, in one experiment, pronounced manifestations, 
easily identified as characteristic of the disorder, developed in one rabbit, shown 
in Plate II, Fig. 1. This rabbit, however, survived only long enough for the 
early stages of recovery from the specific manifestations of egg white injury 
to occur after the administration of the potent factor. An attempt was made to 
improve the basal ration? by introducing sources of other factors which might be 
required by the rabbit and to eliminate a possible source of injury from the cod 


1 Extract A [Lease, 1936]. 

2 This phase of the study includes experiments performed by Katherine Brusse for a thesis in 
partial fulfilment of the requirements for the degree of Bachelor of Science in Home Economics. 
Some of the data used in this paper were observations made and recorded personally by the authors 
on experiments of Miss Brusse, carried out under the direction of one of the authors (H. T. P.) 
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liver oil, in the following ration: egg white gradually raised to 40%, bran 14-5 %, 
irradiated rice polishings 10%, bone ash 1-5%, NaCl 1%, yeast 5%, alfalfa 5%, 
peanuts 5%, butter fat 5%, sucrose and starch in equal parts to make 100%, 
and lettuce 15 g. daily. On this ration the animals were still growing vigorously 
when manifestations of the disorder became severe and while satisfactory cures 
were being carried out. 

The order of appearance of the symptoms was somewhat different from that 
in the rat and chick. The first change observed was usually a slight scurf of white 
flakes on the skin over the shoulder blades, seen on parting the hair. The hair 
gradually became more dull looking and not so smooth as before, assuming a 
fuzzy appearance on the abdomen; soon after, the skin could be clearly seen 
through the thinning hair on the abdomen, along the front of the shins or on the 
backs of the hind paws. Then bare spots appeared on the areas mentioned as well 
as on the pads of the feet, and the skin became red in these spots; the long hairs 
dropped out in many areas not yet denuded of the fuzzy under-hair. The eyelids 
sometimes became glued together with a sticky exudate very early in the progress 
of the disorder, but more frequently at a later stage from the 25th to the 40th 
day. As the condition progressed, bareness extended to the back, lips, eyelids 
and the tail, which resembled a rat’s tail, and white flaky scurf and redness of 
skin became more prevalent. Although the rabbit illustrated in Plate II, Fig. 1 
shows some effects on the paws of a curative treatment, the pronounced symp- 
toms which are still evident are characteristic of the rabbits on the ration just 
described. 

In cases where the condition was alleviated by the protective factor, the first 
sign of recovery was the appearance, in from 1 to 2 weeks, of narrow streaks of 
new hair, very lustrous and dark, lying flat on the skin and seen first on the backs 
of the paws, the edge of the shank or the abdomen. The skin lost its redness and 


scurf and the eyes their soreness and exudate. Very substantial stages of im- 
provement were secured in from 4 to 5 weeks but entire recovery required from 
5 to 9 weeks. Figs. 2 and 3 of Plate II exemplify cure in a rabbit by injection of 
the potent factor as Extract A. 


Experiments with the monkey 


Two female monkeys (Macacus rhesus), one an adult weighing 1925 g., the 
other obviously quite young weighing 1180 g., were started on a ration containing 
20 % of egg white, 2 % of cod liver oil, 4% of Osborne and Mendel’s salt mixture, 
10% of rice polishings, 15% of sucrose and 49% of cooked rice (dry weight). 
The egg white was raised to 30% after several days and the sucrose and rice 
polishings were replaced by a 50 % ethyl alcohol extract of wheat germ and yeast. 
After 2 months the egg white was raised to 40%, the rice being lowered corre- 
spondingly. Daily portions of orange pulp averaging 10 g. were given to each 
monkey. 

For about the first 3 weeks the fur of both monkeys was sleek and glossy 
except that the hair of the tail was somewhat matted with faeces. Thereafter 
there was a progressive roughening and thinning of the hair, some bald areas 
appearing on the head and tail in 2 months’ time. At 3 months the animals were 
much less active and the eyelids were distinctly red. Small white scales of 
epidermis appeared on the back. The monkeys frequently uttered a peculiar 
complaining cry although sufficient food and water was available. The activity 
and playfulness which they exhibited earlier were lost and they sat in a listless 
huddled position with the face hidden. The body weight which had increased for 
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the first 3 weeks of the experiment gradually tended to become constant and 
dropped slightly when the egg white was increased to 40%. 

In the third month of the experiment a sample of blood was drawn! from the 
femoral vein of each monkey to be used in testing for precipitins. The animals 
plucked at the sutures and scratched the wound vigorously and red welts 
appeared on the inner thigh and abdomen. These inflamed spots were at first 
diffuse and small but grew larger to form a continuous swollen red area. That this 
manifestation was a part of the physiological reaction to dietary egg white seems 
probable from the fact that the drawing of blood from monkeys by the same 
technique had been accomplished in a neighbouring laboratory several hundred 
times without any appearance of such an effect.? It may well have been analogous 
to the red, swollen condition of lips and paws intensified by rubbing, in rats on 
egg white diets. 

Although these symptoms were not extreme they were considered definite 
enough to employ for testing their identity with egg white injury by specific 
curative methods. The ration was therefore changed by substituting thoroughly 
steamed egg white for the raw. The redness of the nose and eyelids disappeared 
rapidly and distinct improvement in the posture and activity of both animals 
gave evidence of increased well-being. The loss of hair continued, however, and 
although such a condition had often been observed to accompany the early stages 
of recovery in the rat, it was decided, after 18 days, to add 3 ml. of Extract A per 
monkey per day to the ration to hasten recovery. Promptly thereafter short, 
fluffy, thin new hair appeared on the tails of both monkeys and then on the back 
where the last of the old coat was being shed. In about 4 weeks the new hair was 
readily noticeable and gradually grew thicker, although it remained dark and 
fuzzy. The older monkey developed very distinct streaks of flat lustrous new hair 
along the thighs similar to that seen in rabbits recovering from egg white injury. 
The body weight which had increased slightly when the cooked egg white was 
substituted in the ration showed a more rapid gain during the subsequent period. 
The red, swollen areas on the abdomen and inner thigh, described above, receded 
after some weeks of therapy with Extract A but had not completely disappeared 
when the experiment was terminated 45 days after the initiation of the curative 
therapy. 

There was distinct diarrhoea present in the monkeys on the egg white ration 
which did not disappear when the egg white was cooked or Extract A added. 
When the yeast-wheat germ extract was dropped from the cooked egg white 
ration, the diarrhoea disappeared; apparently, then, the diarrhoea was not due 
entirely to the egg white. 

The results of the experiment would seem to establish the susceptibility of 
the monkey (Macacus rhesus) to the injurious physiological effects of dietary 
egg white. Although the toxic egg white ration was discontinued before sufficient 
opportunity had been given for the disorder to become severe, the similarity of 
the initial symptoms to those in the rat and rabbit and particularly the orderly 
disappearance of these manifestations when the egg white of the ration was 
steamed and a potent extract added, are convincing evidence of the essential 
similarity of the physiological responses in the rat, chick, rabbit and monkey. 


1 We are indebted to Mr P. H. Settlage of the Department of Psychology for taking the blood 


samples. 
2 Personal communication from Dr H. R. Wolfe of the Department of Zoology. 
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Comparison of the nutritive disorder due to egg white in the different animals 


It has been shown herein that there is a definite similarity in the mani- 
festations of the nutritive disorder due to egg white among the animals studied. 
Loss of hair or feathers, redness and swelling of eyelids and scaliness of the 
epidermis were definite or pronounced in four types and questionable in a fifth. 
However, in only one type, the rat, has a disorder of the nervous system been 
produced. While the relative degree of involvement of various parts of the body 
of the animals and the extent of the characteristic syndrome varied somewhat 
from one type of animal to another, the differences were hardly greater than 
those occurring among the individuals of any one type of animal as shown 
by such factors as acute or chronic character, swiftness of onset and the 
relationship of the amount of egg white to the amount of protective factor 
present. For example, when the onset is rapid in very young rats with little 
previous store of the protective factor, high concentrations of egg white cause 
intense swelling and redness of the lips and scaliness or soreness of the paws and 
even the nervous disorder to appear in advance of noticeable changes in the 
coat of hair; whereas mild chronic cases often show extensive denuded areas 
of skin before soreness or extensive dermatitis appears. We believe that this 
circumstance accounts for certain differences between the particular character- 
istics of the nutritive disorder in our laboratory and in those of others [MacKay & 
MacKay, 1934; Gorter, 1935; Salmon & Goodman, 1934]. 

Taking into consideration the extent to which the disorder is acute or chronic, 
the differences between the responses of four and possibly the five types of 
animals may very well be chiefly due to such factors as previous stores of the 
protective factor from varying stock rations, concentration of egg white tolerated, 
food intake in proportion to body weight and rapidity of growth, rather than to 
true species differences. 

SUMMARY 

1. In addition to the chick and rat, the rabbit and monkey exhibit a 
characteristic dermatitis when fed rations rich in egg white. The guinea-pig 
under similar conditions has shown only transient non-specific symptoms. 

2. The symptoms are strikingly similar in the four animals exhibiting the 
syndrome and the differences noted may be chiefly conditioned by the more 
acute or more chronic nature of the disorder in the different species. 
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EXPLANATION OF PLATE II 


Fig. 1. A rabbit exhibiting characteristic manifestations of egg white injury. Note the encrusted 
eyelids and the bare areas on the face, body and tail. Evidence of te curative effect of the 
potent extract is seen in the partial covering of the paws and tail with short hair. 

Fig. 2. Hind paws and tail of a rabbit with typical pronounced egg waite iajury. 

Fig. 3. Hind paws and tail of the rabbit in Fig. 2, 62 days after initiation of injection of Extract A. 
Note the thick, glossy, sleek hair which has covered the previously denuded areas. 
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THarT ascorbic acid can be dehydrogenated by an aerobic oxidase present in the 
apple has been shown by one of us [Zilva, 1934]. It was further found that this 
enzyme is also capable of dehydrogenating another member of the ascorbic acid 
series, namely d-gluco-ascorbic acid (d-3-ketoglucoheptonofuranolactone), which 
does not possess antiscorbutic activity even in high doses [Zilva, 1935; 1936]. 
Stereochemical structure and biological activity of these compounds are there- 
fore not determining factors in this enzymic oxidation. 

The apple, however, is not the only plant containing an aerobic enzyme which 
oxidizes ascorbic acid reversibly. Szent-Gyérgyi [1930; 1931] established the 
presence of one in cabbage (Brassica oleracea L.), Tauber e¢ al. [1935] in Hubbard 
squash (Cucurbita maxima), Hopkins & Morgan [1936] in cauliflower, Srinivasan 
[1936] in the pods of the drumstick tree [Moringa pterygosperma), Barron et al. 
[1936] in lettuce, peach and watercress, and Kertesz et al. [1936] in pumpkin, 
pea, string bean, Lima bean, sweet corn, Swiss chard, carrots, parsnips and 
spinach. 

The present investigation deals with a comparative study of the enzymic 
reversible oxidation of ascorbic acid by the cabbage, cauliflower, cucumber, 
marrow, apple and potato. All the experiments were carried out under stan- 
dardized conditions in order to ascertain whether the enzymes or systems of 
enzymes involved in the oxidation are identical. 


EXPERIMENTAL 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE CABBAGE 


In some of these experiments the juice of the cabbage was employed, whilst 
in others the enzyme prepared according to the procedure described by Szent- 
Gyérgyi [1931] was utilized. 


Preparation of the juice 


The juice was obtained by pressing between porcelain plates in a hand-press 
the leaves (without ribs) previously frozen at —20°. Yield about 70 ml. from 
100 g. of tissue. A sample of the fresh yellow juice was always adjusted to 
pH 7-6-8-0 and if a precipitate was formed the remainder of the juice was 
treated in this way and readjusted to the original pH 6-0 after removing the 
precipitate. The juices retained their activity for several weeks on storage in the 


cold room. 
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Preparation of enzyme 


The enzyme was precipitated from the freshly expressed juice by saturation 
with ammonium sulphate after removing impurities with barium acetate (2 ml. 
of M Ba(CH,COO), per 100 ml. of juice) and the excess of the latter reagent by 
the addition of 5 ml. of saturated ammonium sulphate. The (NH,),SO,-washed 
precipitate from 100 ml. of juice was dissolved in 50 ml. of M/15 KH,PO, or 
M/5 sodium acetate (pH 6-0). This clear solution possessed about half the total 
potency of the original juice and retained its activity without significant loss for 
long periods on storage in the cold room. It may be added here that the treat- 
ment of cabbage juice with alcohol or acetone yielded precipitates of low activity. 


pH range of activity and sensitivity to cyanide 


The activity of the enzyme was studied at pH 3-0, 5-0, 7-0 and 9-0 in the 
absence and also in the presence of M/1000 NaCN. The test solutions in each case 
consisted of 3 ml. of ascorbic acid in M/5 sodium acetate solution, 9 ml. of 
buffer solution and 3 ml. of juice which were added in this order. The component 
solutions were adjusted to the requisite pH before mixing. The final concen- 
tration of ascorbic acid in the test solution was 2-5 mg. per 15 ml. The controls 
contained the same amount of ascorbic acid in 15 ml. of M/5 sodium acetate. 
Glass-distilled water was used throughout these and all the following experi- 
ments. Immediately after preparation four 3 ml. samples of each solution were 
delivered into a series of test-tubes, the first one of which contained 0-5 ml. of 
glacial acetic acid in order to stop the action of the enzyme. The latter was 
titrated at once with 1-14 N/1000 indophenol which thus gave the concen- 
tration of ascorbic acid at the beginning of the experiment. The remaining tubes 
were in turn similarly acidified and titrated after definite intervals. 

The results of this experiment, which are given in Table I, show that the 
juice. possessed a range of activity beginning at pH 3-0, rising rapidly to a wide 


Table I. Activity and sensitivity to cyanide of the cabbage enzyme 


mg. ascorbic acid in 3-0 ml. of test solution 
ame 

Juice + Control + Juice + Control + 

M/1000 M/1000 M/1000 M/1000 

Juice cyanide Control cyanide Juice cyanide Control cyanide 

Ascorbic acid solutions at pH 3-0 Ascorbic acid solutions at pH 5-0 

0-52 0-51 0-52 0-51 0-51 0-51 0-51 
0-47 0-47 0-51 0-51 0-12 0-21 0-51 
0-38 0-39 0-51 0-51 0-00 0-10 0-51 
0-31 0-32 0-51 0-51 0-00 0-00 0-51 


eeee 


or oror or 
bo bo bo bo 


Ascorbic acid solutions at pH 7-0 Ascorbic acid solutions at pH 9-0 
0-51 0-51 0-51 0-52 0-50 0-50 0-50 0-50 
0-19 0-37 0-51 0-52 0-21 0-35 0-50 0-43 
0-04 0-27 0-51 0-52 0-10 0-21 0-50 0-38 
0-00 0-17 0-51 0-52 0-03 0-11 0-50 0-36 


optimum zone between pH 5-0 and 7-0 and falling slowly to pH 9-0. The activity 
curve is thus not symmetrical about the optimum point. Sodium cyanide in a 
concentration of 1/1000 is seen to exert an inhibiting action which is greatest 
near neutrality. 
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The aerobic nature of the enzymic activity 


That methylene blue cannot act as a hydrogen acceptor in place of mole- 
cular oxygen in this enzymic oxidation was shown by the fact that in test-tubes 
containing 5 ml. of juice (pH 6-0), 3 mg. of ascorbic acid in 3 ml. of M/5 sodium 
acetate (pH 6-0) and 1 ml. of M/1000 methylene blue, kept in the dark in 
evacuated desiccators for 18 hours, the dye was not decolorized. 


Action of the enzyme on mono- and di-hydricphenols 


(a) Juice. The technique developed by Pugh & Raper [1927] in their studies 
of tyrosinase was employed in these experiments. Phenol and catechol were 
chosen as substrates. The test solutions were prepared by mixing (i) 10 ml. of 
juice, 2ml. 4M/10 aniline and 2 ml. 2/10 phenol in //5 sodium acetate, and 
(ii) 10 ml. of juice, 1 ml. 41/7/10 aniline and 1 ml. 2/10 catechol also in M/5 
sodium acetate. Both series were diluted to 20 ml. with M/5 sodium acetate. 
Blank tests were carried out with solutions containing similar quantities of 
aniline, phenol and catechol in 20 ml. of M/5 sodium acetate. All the tests were 
performed at pH 6-0 in 100 ml. unstoppered conical flasks. The juice appeared to 
have no action upon phenol even after standing overnight. The test solutions 
which contained catechol, however, rapidly developed a red colour and soon 
afterwards deposited a precipitate consisting of fine red needles (which were 
identified as dianilinobenzoquinone). This reaction was considered as evidence 
that the juice was capable of oxidizing catechol to o-benzoquinone. 

(6) Ammonium sulphate precipitate. In similar tests in which a solution of 
the ammonium sulphate precipitate was used in place of the juice, very little 
action on catechol was occasionally observed. In these cases a red colour 
developed gradually only after about 2 hours and very little of the red crystalline 
precipitate separated later. The slight activity in such instances was most 
probably due to the precipitation with the enzyme of traces of an auxiliary 
substance present in the juice. 


Action of the enzyme on ascorbic acid in presence of catechol 


In view of the fact that cabbage juice can oxidize catechol to quinone and 
that quinones are known to oxidize ascorbic acid rapidly [Zilva, 1928; 1929; 
1930; Johnson & Zilva, 1932], it was of interest to ascertain whether the addition 
of catechol to the juice would increase the rate at which it oxidized ascorbic 
acid. The actions of the enzyme as present in the juice and of the enzyme pre- 
cipitated from the juice with (NH,),SO, were therefore studied on ascorbic acid 
alone and on ascorbic acid in the presence of catechol and of aniline separately, 
and of catechol and aniline together. The test solutions were made up to contain 
4 mg. of ascorbic acid (in 3 ml. of M/15 KH,PO,) and 3 ml. of juice or of pre- 
cipitated enzyme solution. The catechol and aniline were added as 3 ml. of M/20 
and M/10 solutions respectively in M/15 KH,PO,. The final volumes were in 
each case made up to 15 ml. with M/15 KH,PO,. Corresponding control 
solutions contained buffer in place of enzyme solution. The reactions were 
studied at pH 6-0. Immediately on preparation, four 2-0 ml. samples of each 
solution were pipetted into a series of test-tubes, the first of which in each series 
contained 0-5 ml. of glacial acetic acid to arrest the action of the enzyme. After 
definite intervals the remaining tubes were similarly acidified and titrated with 
indophenol. The results are given in Table IT. 

The first point to note is that the precipitated enzyme, which, unlike the 
juice, was found in the previous experiment to be unable to oxidize catechol, 
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Table II. Influence of catechol on the activity of the cabbage 
enzyme at pH 6-0 
All these tests were made in presence of M/15 KH,PO, 


mg. ascorbic acid in 2-0 ml. of test solution 





Control ascorbic Ascorbic acid solutions Ascorbic acid solutions con- 
acid solutions containing juice taining precipitated enzyme 
ae . 





M100“ Mji00 * M/100 

cate- cate- cate- 

chol chol chol 

M/100 and M/100 and M/100 and 

cate- M/50 M/50 cate- M/50 M/50 cate- M/50 M/50 
chol aniline aniline chol aniline aniline chol aniline aniline 

050 052 052 052 050 O52 O51 052 O51 O51 O51 0-51 

050 052 052 052 0-38 032 035 037 0:34 0:36 0:36 0°38 

0-50 052 052 052 0-23 0-25 0-24 0-27 0-23 0-25 0-27 0-28 

0-50 052 052 052 003 007 005 0:09 0:03 008 008 0-12 
oxidized ascorbic acid to the same extent as the juice. This would be expected 
from Szent-Gyérgyi’s observation [1931] that this enzyme in the cabbage does 
not oxidize phenol. Further this rate of oxidation is found to be uninfluenced 
by the addition of catechol in both cases. It is, however, of importance to 
mention in this connexion that only when the oxidation of the ascorbic acid by 
the juice was complete did that of the catechol begin. This was shown by the 
development of the red colour, with the subsequent deposition of the dianilino- 

benzoquinone in the test solution containing catechol and aniline. 


The peroxidase activity of cabbage preparations 

The cabbage is known to contain a peroxidase and it was desirable to 
ascertain whether under our experimental conditions this enzyme had any 
connexion with the oxidative processes described above. 

The tests for peroxidase activity of both juice and the solution of the 
(NH,).SO, precipitate were made with guaiacol, benzidine, p-phenylenediamine 
and «-naphthol. When 0-1 ml. of 1% solutions of these reagents was added to 
2-0 ml. of juice or enzyme solution negative reactions were obtained, with the 
possible exception of benzidine, which reagent became slightly coloured only 
when the juice was used as a source of the enzyme. On the addition of 1 drop 
of 6% H,O,, however, marked positive reactions were obtained with all reagents 
in both cases. Tests for the presence of peroxides were carried out on fresh and 
stored juices and on the precipitated enzyme solution by adding 0-25 ml. 1% 
soluble starch solution, 0-25 ml. 5% KI and 0-5 ml. glacial acetic acid to 2-0 ml. 
of juice or enzyme. Stored juice alone gave a positive reaction. 

Not only did the addition of H,O, enable both preparations to oxidize the 
above reagents, but it also endowed the juice with the ability to oxidize mono- 
hydricphenols and the precipitated enzyme to oxidize both mono- and di- 
hydricphenols, which, as seen above, they were unable to do in its absence. 

It would nevertheless seem unlikely that in the absence of a peroxide in the 
fresh juice ascorbic acid could be oxidized by a coupled reaction involving 
peroxidase. 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE CAULIFLOWER 
The juice or the precipitated enzyme, prepared from the frozen florets under 
the same conditions as above, was used in the following experiments. These 
were carried out under precisely the same conditions as those with the cabbage. 
28—2 
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Similar yields of juice were obtained. In contrast to the cabbage, however, 
the treatment of the cauliflower juice with alcohol (2 volumes) yielded pre- 
cipitates of relatively high activity. The (NH,),SO,-precipitated enzyme was, 
however, used in these experiments. 












pH range of activity and sensitivity to cyanide 


As will be seen from Table III, the range and zone of optimum activity of 
cauliflower juice were similar to those of cabbage juice. The cauliflower juice 






Table III. Activity and sensitivity to cyanide of the cauliflower enzyme 


mg. ascorbic acid in 3-0 ml, of test solution 



















Time Juice + Control + Juice + Control + 
in M/1000 M/1000 M/1000 M/1000 
hours Juice cyanide Control cyanide Juice cyanide Control cyanide 
Ascorbic acid solutions at pH 3-0 Ascorbic acid solutions at pH 5-0 
0 0-47 0-47 0-45 0-45 0-45 0-45 0-46 0-46 
1 0-45 0-45 0-45 0-45 0-15 0-24 0-45 0-46 
1-5 - _ - = 0-08 0-18 0-45 0-46 
2 0-45 0-45 0-45 0-45 0-02 0-10 0-45 0-46 
3 0-45 0-45 0-45 0-45 -— _ — — 
Ascorbic acid solutions at pH 7-0 Ascorbic acid solutions at pH 9-0 
0 0-45 0-45 0-45 0-44 0-40 0-40 0-40 0-40 
1 0-16 0-35 0-45 0-44 0-30 0-35 0-30 0-30 
1-5 0-10 0-30 0-45 0-43 0-24 0-34 0-30 0-30 
2 0-04 0-25 0-45 0-44 — —_— _ —_ 
3 — — — — 0-10 0-23 0-30 0-30 








appears, however, from this experiment to have been inactive at pH 3-0. It is 
also somewhat more sensitive to M/1000 cyanide. 











The aerobic nature of the enzyme activity 


Like cabbage juice, cauliflower juice was unable to oxidize ascorbic acid 
under anaerobic conditions in the presence of methylene blue. 










Action of the enzyme on mono- and di-hydricphenols 


The juice rapidly oxidized catechol but not monohydricphenols (phenol and 
m-cresol) and in the presence of aniline produced dianilinobenzoquinone, thus 
showing that the process was of the same type as that of the cabbage juice. The 
(NH,),SO,-precipitated enzyme also resembled that of the cabbage in its inability 
to cause the oxidation of catechol in air. 










Action of the enzyme on ascorbic acid in presence of catechol 





The results of this experiment (Table IV) show that catechol did not in- 
fluence the rate of oxidation of ascorbic acid by the juice or by the (NH,),S0O,- 
precipitated enzyme. As with the cabbage juice, the oxidation of catechol by 
this juice, as shown by development of red colour and subsequent deposition 
of red crystalline precipitate in presence of aniline, began only after the oxidation 
of ascorbic acid was complete. The results are, therefore, analogous to those of 
the corresponding experiments with cabbage preparations. 
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Table IV. Influence of catechol on the activity of the cauliflower 
enzyme at pH 6-0 


All these tests were made in presence of M/15 KH,PO, 


mg. ascorbic acid in 2-0 ml. of test solution 


i a a a 
Control ascorbic Ascorbic acid solutions Ascorbic acid solutions con- 
acid solutions containing juice taining precipitated enzyme 
o_o 0c oF 
M/100 M/100 M/100 
cate- cate- cate- 
chol chol chol 
and 100 and M/100 and 
cate- M/50 M/50 cate- M/50 M/50 cate- M/50 M/50 
chol aniline aniline chol aniline aniline chol aniline aniline 
0-51 0-52 0-51 0-48 049 O50 050 049 049 049 0-49 
0-51 052 051 0-12 O14 O14 O15 O07 O10 O10 O11 
0-51 O52 051 000 000 000 000 000 000 000 0-00 


4 


The peroxidase activity of cauliflower preparations 


Tests for peroxidase activity of the juice and the (NH,),SO,-precipitated 
enzyme were carried out with the same reagents as in the case of the cabbage. 
In this case too a positive reaction was given by the juice and benzidine only 
in the absence of H,O,. Both the juice and the (NH,),SO,-precipitated enzyme, 
however, gave very marked peroxidase reactions with all reagents on addition 
of H,O,. Stored, but not fresh, cauliflower juice was found to contain peroxide. 
In the presence of H,O, the (NH,),SO,-precipitated enzyme and the juice 
oxidized catechol and m-cresol. The peroxidase activity of the cauliflower, 
therefore, resembles that of the cabbage. 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE CUCUMBER 


Experiments with cucumber juice and solutions of the enzyme precipitated 
from it were also carried out under the same conditions as in the case of the 
cabbage. 

Preparation of the juice 


The juice, which was invariably at pH 5-6, was pressed out of the previously 
frozen pericarp of the cucumber. Precipitable material was removed by ad- 
justing to pH 7-6 and filtering. The juice was then acidified to pH 6-0. 80 ml. 
of juice were obtained from 100 g. of tissue. It was almost colourless and re- 
tained its activity on storage at low temperature. 


Preparation of the enzyme 


The (NH,),SO, precipitate could not be satisfactorily recovered by centri- 
fuging or by filtration. The enzyme could, however, be precipitated with alcohol 
or acetone and the latter reagent was chosen for this purpose. The precipitation 
with acetone was carried out by the method described by Tauber ef al. [1935], 
who used Hubbard squash, except that the juice was previously cooled to 0° 
and that the enzyme was precipitated with alcohol and acetone chilled to — 20°. 
The precipitate from 100 ml. of juice was dissolved in 50 ml. of M/5 sodium 
acetate or M/15 KH,PO, (pH 6-0). In this case also half of the total activity 
of the original juice was recovered. 
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pH range of activity and sensitivity to cyanide 
Table V shows that the juice is practically inactive at pH 3-0 and that its 
optimum range of activity is between pH 5-0 and 7-0. It is still very active at 


Table V. Activity and sensitivity to cyanide of the cucumber enzyme 


mg. ascorbic acid in 3-0 ml. of test solution 
0 nn o—OOO— 
Time Juice + Control + Juice + Control + 
in M/1000 M/1000 M/1000 M/1000 
hours Juice cyanide Control cyanide Juice cyanide Control cyanide 
Ascorbic acid solutions at pH 3-0 Ascorbic acid solutions at pH 5-0 
0-51 0-51 0-51 0-50 0-50 0-52 0:50 0-50 
0-49 0-50 0-49 0-50 0-06 0-51 0-51 0-50 
0-47 0-50 0-47 0-50 0-00 0-51 0-51 0-50 
0-45 0-49 0-45 0-50 0-00 0-51 0-51 0:50 
Ascorbic acid solutions at pH 7-0 Ascorbic acid solutions at pH 9-0 
0-50 0-51 0-50 0-50 0-46 0-49 0-43 0-44 
0-05 0-50 0-50 0-50 0-09 0-43 0-35 0-36 
0-00 0-50 0-50 0-50 0-02 0-37 0-33 0-33 
0-00 0-50 0-50 0-50 0-00 0-33 0-31 0-30 


pH 9-0. M/1000 cyanide abolishes its activity at all pH values. It thus differs 
from the corresponding enzyme of the cabbage and the cauliflower in its sus- 
ceptibility to cyanide. 
Aerobic nature of enzymic activity 
Cucumber juice was also found unable to oxidize ascorbic acid in the presence 
of methylene blue under anaerobic conditions. 


Action of the enzyme on mono- and di-hydricphenols 


The juice of the cucumber resembled that of the cabbage and cauliflower 
in its ability to oxidize catechol; in the presence of aniline it gave rise to 
dianilinobenzoquinone. It was inactive towards phenol and m-cresol. The 
acetone precipitate, like the (NH,),SO, precipitate of the cabbage and cauli- 
flower, had scarcely any effect upon catechol. 


Action of the enzyme on ascorbic acid in the presence of catechol 


Table VI shows that the rate of oxidation of ascorbic acid by cucumber 
juice and by the acetone-precipitated enzyme was unaffected by the presence 


Table VI. Influence of catechol on the activity 
of the cucumber enzyme at pH 6-0 


All these tests were made in presence of M/15 KH,PO, 
mg. ascorbic acid in 2-0 ml. of test solution 
Control ascorbic Ascorbic acid solutions Ascorbic acid solutions con- 


acid solutions containing juice taining precipitated enzyme 
A A 
peta 





fo ee c = 
M/100 M/100 M/100 
cate- cate- cate- 
chol chol chol 
Time M/100 and M/100 and M/100 and 
in cate- M/50 M/50 cate- M/50 M/50 cate- M/50 M/50 
hours chol aniline aniline chol aniline aniline chol aniline aniline 


0 052 052 052 052 050 050 050 050 052 051 O51 0-51 
1 0-52 052 052 052 010 O12 O14 O12 O16 O18 O18 0-18 
2 052 052 052 052 000 000 000 000 000 000 0-00 0-00 
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of catechol. As in the cases of the two previously mentioned sources, oxidation 
of catechol by the juice commenced only when that of ascorbic acid was com- 


plete. 


The peroxidase activity of the cucumber preparations 


Strong positive peroxidase reactions were given only in the presence of 
hydrogen peroxide by the juice and by the solution of the acetone-precipitated 
enzyme with the reagents used in the previous experiments. Tests for peroxide 
on both fresh and stored preparations were in this case all negative. On the 
addition of H,O, the juice was able to oxidize m-cresol and the acetone- 
precipitated enzyme both m-cresol and catechol. 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE MARROW 


The small English and Madeira varieties were used. They had colourless 
pericarps. The juices and the acetone-precipitated enzymes were obtained in the 
same manner as in the case of the cucumber. (NH,),SO, and alcohol were found 
to be unsatisfactory for the precipitation of the enzyme. 


pH range of activity and sensitivity to cyanide 
It will be seen from Table VII that the marrow juice had a range and zone 
of optimum activity similar to that of the cucumber. The cyanide-sensitivity 
is also similar. At pH 9-0 the sensitivity to cyanide was found to vary in 
different preparations. 


Table VII. Activity and sensitivity to cyanide of the marrow enzyme 


mg. ascorbic acid in 3-0 ml. of test solution 


eee 


Time Juice + Control + Juice + Control + 
in M/1000 M/1000 M/1000 M/1000 
hours Juice cyanide Control cyanide Juice cyanide Control cyanide 
Ascorbic acid solutions at pH 3-0 Ascorbic acid solutions at pH 5-0 
0-50 0-51 0-50 0-50 0-46 0-49 0-49 0-50 
0-49 0-51 0-50 0-50 0-14 0-49 0-49 0-50 
0-48 0-51 0-50 0-50 0-00 0-49 0-49 0-50 
0-47 0-50 0-50 0-50 0-00 0-49 0-49 0-50 
Ascorbic acid solutions at pH 7-0 Ascorbic acid solutions at pH 9-0 
0-49 0-51 0-50 0-50 0-47 0-47 0-43 0-43 
0-23 0-50 0-50 0-50 0-30 0-32 0-35 0-35 
0-08 0-50 0-50 0-50 0-24 0-24 0-32 0-33 
0-00 0-49 0-50 0-50 0-17 0-17 0-30 0-30 


Aerobic nature of enzymic activity 


As in all the previous cases marrow juice was unable to oxidize ascorbic 
acid under anaerobic conditions in the presence of methylene blue. 


Action of the enzyme on mono- and di-hydricphenols 


Marrow juice and the precipitated enzyme behaved in the same manner as 
the corresponding cucumber preparations towards phenol and catechol. 


Action of the enzyme on ascorbic acid in the presence of catechol 


The similarity in properties between the marrow and cucumber enzymes 
was again apparent in this experiment. Table VIII shows that the addition of 





S. W. JOHNSON AND S. 8. ZILVA 


Table VIII. Influence of catechol on the activity of the marrow 
enzyme at pH 6-0 


All these tests were made in presence of M/15 KH, PO, 


mg. ascorbic acid in 2-0 ml. of test solution 


Control ascorbic Ascorbic acid solutions Ascorbic acid solutions con- 

acid solutions containing juice taining precipitated enzyme 
M/100 M/100 M/100 

cate- cate- cate- 

chol chol chol 

Time M/100 and M/100 and M/100 and 
in cate- M/50 M/50 cate- M/50 M/50 cate- M/50 M/50 
hours chol aniline aniline chol aniline aniline chol aniline aniline 


058 058 059 O58 058 058 058 058 058 0-58 057 0-58 
0-58 058 0-58 058 0-23 0-23 0-22 0-20 032 0-32 0-31 0-34 
0-58 058 058 O58 O13 O13 O12 O12 0-22 0-22 0-23 0-24 
° 0-58 0-58 058 058 000 002 000 000 008 008 008 0-10 
25 058 058 058 058 000 000 000 000 003 003 0-03 0-03 


catechol had no influence upon the rate at which either the juice or the pre- 
cipitated enzyme oxidized ascorbic acid. This juice also oxidized the catechol 
immediately after the oxidation of ascorbic acid was complete. As in the 
previous cases, the precipitated enzyme was without action upon catechol. 


Peroxidase activity of marrow preparations 


The peroxidase reactions of marrow juice and the precipitated enzyme were 
similar to those of the cucumber. The activity of the precipitated enzyme was, 
however, weaker than that of the corresponding cucumber preparation. Neither 
preparation gave peroxide reactions. 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE APPLE 


In the original investigation [Zilva, 1934] crude apple juice was used as the 
source of the enzyme. As will be seen later the crude juice is most probably 
active only by virtue of the suspended material with which the enzyme is 
associated; the pure juice itself appears to be inactive. It will be further seen 
that the mechanism involved in the oxidation of ascorbic acid by the apple is 
different from that of the sources described above. 

Bramley’s Seedling apples were used in the following experiments which 
were carried out in a similar manner to those previously described. 


Preparation of the juices 


(a) Crude juice. The apple after removal of the peel and core was ground 
with clean sand, squeezed through muslin and the juice centrifuged. The latter 
was brown in colour and usually at pH 3-0. 

(b) Pure juice. The juice was expressed from the previously frozen unpeeled 
apple, after removal of the core, and filtered. It was invariably colourless and at 
pH 3-0, but on neutralization became orange-brown above pH 6-0. This colour 
disappeared only on re-acidifying immediately. 80 ml. of the juice were obtained 
from 100 g. of tissue. 
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Extraction of the enzyme from the juice-free tissue 


The tissue residue left after pressing out the juice was separated from the 
peel, ground with sand and extracted by further grinding with sand under M/5 
sodium acetate (pH 6-0) or M/5 acetic acid (pH 3-0) according to the nature of 
the experiment. It was then centrifuged and filtered, yielding a brown-coloured 
solution. 40 ml. of the extracting solution were used to extract the residue from 
50 g. of apple. 


Activity and cyanide-sensitivity of crude juice, pure juice 
and extract of juice-free tissue 


In the preliminary experiments, owing to the wide variation in activity and 
the small size of the individual apples, the various facts concerning the nature of 
the enzymic activity were studied in separate fruits. Later, however, when larger 
apples became available, the various preparations were obtained from the same 
fruit whereby a stricter comparison of the results could be obtained. The activity 
of the respective preparations and their sensitivity to cyanide were investigated 
at the natural acidity of the apple, pH 3-0, and also at pH 6-0, which was found 
to be the optimum pH for the oxidation in the above sources. The experiments 
were carried out under conditions identical with those observed for the cabbage 
etc. Table [IX shows that the crude juice was more active at pH 6-0 than at 
pH 3-0. At the latter reaction cyanide had no inhibiting effect. In the original 
investigation one of us had already observed that at pH 4-4 this activity was 
retarded only to a small extent in the presence of M/500 cyanide. The present 
experiments show, however, that at pH 6-0 the inhibition is very marked. The 
pure juice or the extract of the juice-free tissue alone had practically no activity 
at either pH 3-0 or 6-0. Together, however, they were active, especially at pH 6-0 


and this activity was inhibited by cyanide to the same extent as in the crude 
juice. It must be added that with some specimens of the fruit the combined 
action of pure juice and tissue extract at pH 3-0 was found to be more marked 
than in the present case. 


Action of the enzyme on mono- and di-hydricphenols 


It is well known that apple pulp contains a polyphenolase. Experiments 
were performed in order to ascertain whether the enzyme was present in the 
tissue or in the pure juice. It was found that the former preparation but not 
the pure juice oxidized both phenol and catechol directly in the air. In the 
presence of aniline the characteristic red crystalline precipitate of dianilino- 
benzoquinone was obtained. This enzyme, therefore, differs essentially from that 
of the above described plants. In view of this difference and of the fact that 
the enzyme alone does not oxidize ascorbic acid, it was of interest to study the 
behaviour of the tissue extract on ascorbic acid in the presence of catechol. 


Action of the enzyme on ascorbic acid in the presence of catechol 


The results of this experiment (Table X) show that although the extract of 
the tissue was by itself unable to oxidize ascorbic acid (Table IX), the addition 
of catechol enables it to do so at a rate approaching that of the crude juice, 
particularly at pH 6-0. On the other hand, as would have been expected from 
the preceding experiment, the addition of catechol to the pure juice does not 
enable it to oxidize ascorbic acid. It would therefore seem that the enzyme is 
contained in the tissue and that it dehydrogenates ascorbic acid indirectly by 
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Table IX. Activity and sensitivity to cyanide of the apple enzyme 
mg. ascorbic acid in 2-0 ml. of test solution 


M/1000 cyanide 
ee 
Juice- Juice-free Juice- Juice-free 
Time Control free tissue Control free tissue 
in solu- Crude Pure tissue extract+ solu- Crude Pure tissue extract+ 
hours tion juice juice extract pure juice tion juice juice extract pure juice 
Ascorbic acid solutions at pH 3-0 

0-45 0-45 0-50 0-45 0-52 0-47 0-46 0-47 0-50 

0-45 0-35 0-50 0-45 0-50 0-47 0-41 0-47 0-50 

0-45 0-30 0-50 0-45 0-47 0-47 0-33 0-47 0-48 

0-45 0-25 0-50 0-43 0-46 0-47 0-27 0-47 0-48 

0-45 0-20 0-50 0-41 0-46 0-47 0-22 0-47 0-48 


Ascorbic acid solutions at pH 6-0 


0-45 0-45 0-50 0-45 0-45 0-45 0-45 0-50 0-45 
0-45 0-30 0-50 0-45 0-30 0-45 0-35 0-50 0-45 
0-45 0-15 0-50 0-45 0-22 0-45 0-32 0-48 0-45 
0-45 0-10 0-50 0-45 0-15 0-45 0-28 0-48 0-45 
0-45 0-05 0-48 0-45 0-09 0-45 0-22 0-47 0-45 


Table X. Influence of catechol on the activity of the apple enzyme 
mg. ascorbic acid in 2-0 ml. of test solution 


Ascorbic acid solutions at pH 3-0 Ascorbic acid solutions at pH 6-0 


t > ———— . > 
Juice-free Juice-free 


Pure tissue Pure tissue 
Time juice+ extract + juice+ extract+ 
in Control Crude M/100 M/100 Control Crude M/100 =M/100 
hours _ solution juice catechol catechol solution juice catechol catechol 
0-45 0-45 0-50 0-45 0-45 0-45 0-50 0-45 
0-45 0-35 0-50 0-40 0-45 0-30 0-50 0-30 
0-45 0-30 0-50 0-38 0-45 0-15 0-48 0-17 
0-45 0-25 0-50 0-34 0-45 0-10 0-48 0-12 
0-45 0-20 0-50 0-30 0-45 0-05 0-48 0-03 








previously oxidizing a soluble compound, probably a phenolic substance, present 
in the juice. The enzyme system involved in the oxidation of ascorbic acid in the 
apple preparations is thus distinct from those present in the previously described 
plants and resembles that described by Szent-Gyérgyi in the case of the potato 
[1931]. That this enzyme is more or less evenly distributed in all the tissue of the 
receptacle of the apple can be seen from the fact that when a solution of catechol 
and aniline is spread over the cut surface of a medial section of the fruit a 
uniform red colour develops immediately over the entire surface. 


THE ENZYMIC OXIDATION OF ASCORBIC ACID BY THE POTATO 


The King Edward variety was used in these experiments which were carried 
out under the conditions already described. 


Preparation of the juice 


The juice was expressed from the previously frozen tubers. It was invariably 
at pH 6-0. The whole juice, which was free from suspended matter, darkened on 
standing and deposited a black precipitate. 
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Preparation of the enzyme 


The enzyme was precipitated from the fresh juice with 4 volumes of 96% 
alcohol and washed with 80% alcohol at the centrifuge. It was dissolved in a 
volume of M/5 sodium acetate (pH 6-0) equal to that of the original juice. In 
some preparations the enzyme was reprecipitated. The filtered enzyme solution 
was at first yellow in colour but darkened during the first few minutes without, 
however, depositing any precipitate later. Acetone and (NH,),SO, precipitations 
were not attempted in this case. 


Activity and cyanide-sensitivity of the juice and precipitated enzyme 


It will be seen from Table XI that at pH 6-0 the precipitated and repre- 
cipitated enzymes oxidized a certain amount of the ascorbic acid during t 4, 
first hour, after which time oxidation practically stopped. The juice on the off®r LiRRARY 
hand oxidized ascorbic acid rapidly at pH 6-0 (Tables XI and XII). ee 


1c 


Table XI. Influence of catechol on the activity of the potato enzyme 
\e MARRAT IAS 
ve, 


All these tests were made in presence of M/5 sodium acetate = 
Ye: 


mg. ascorbic acid in 2-0 ml. of test solution 
ess ee A— ~ 
Ascorbic acid solutions Ascorbic acid solutions con- Ascorbic acid solutions con- 
containing juice taining precipitated enzyme taining reprecipitated enzyme 


ae 

M/100 M/100 M/100 

cate- cate- cate- 

chol chol chol 

Time M/100 and M/100 and M/100 and 
in cate- M/50 M/50 cate- M/50 M/50 cate- M/50 M/50 
hours chol aniline aniline chol aniline aniline chol aniline aniline 

0-50 5 0-50 049 049 050 050 092 092 0-92 0-92 

0-03 0-00 040 006 039 004 082 055 087 0-58 

} +22 - 0-35 000 035 000 080 030 083 0-37 


— — 0-35 _— 0-35 _ —_ 0-05 0-05 


~ al ee ae 


Table XII. Activity and sensitivity to cyanide of the potato enzyme 


mg. ascorbic acid in 2-0 ml. of test solution 
a 


Ascorbic acid solutions at pH 6-0 
—~ 





a 
Ascorbic acid solutions at pH 3-0 
c— — 





c 


“ 
M/1000 cyanide 
co (A 
Con- Juice+ Con- Juice+ Con- Juice+ Con- Juice + 
trol M/100 trol M/100 ‘trol M/100 trol M/100 
solu- cate- solu- cate- _solu- cate- solu- cate- 
tion Juice chol tion Juice chol tion Juice  chol tion Juice chol 
0-54 054 054 054 O54 054 052 051 050 055 O51 0-49 
0-54 053 053 054 054 053 052 030 020 055 0:38 0-34 
0-53 O52 052 054 052 052 052 O20 O11 054 030 0-19 
0-52 050 050 054 051 050 052 O16 O00 054 O21 0-06 


we 
M/1000 cyanide 


Table XII it is also seen that cyanide inhibited its activity but to a small 
extent and that at pH 3-0 the juice showed no activity at all. Sufficient experi- 
ments were not performed with the potato to ascertain whether the activity 
at this pH varies in individual cases as it does with the apple. 
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Action of the enzyme on mono- and di-hydricphenols 


The potato juice and the precipitated enzyme, as would have been expected 
from the literature, oxidized both phenol and catechol directly in the air. In 
the presence of aniline the red dianilinobenzoquinone was formed. 


Action of the enzyme on ascorbic acid in the presence of catechol 


It will be seen from Tables XI and XII that the addition of catechol to the 
juice enhances its activity at pH 6-0 but does not alter its behaviour at pH 3-0. 
Table XI shows that in the presence of catechol the precipitated enzyme 
acquires the capacity of dehydrogenating ascorbic acid. These results are 
similar to those already described by Szent-Gyérgyi [1931]. The ascorbic acid- 
oxidizing system in the potato, therefore, resembles that of the apple. The 
oxidizing enzyme appears to be restricted to a peripheral layer which can be 
shown by the method adopted in demonstrating the distribution of the enzyme 
in the apple. This last observation is in agreement with the findings of Wieland & 
Sutter [1930]. 


SPECIFICITY OF THE ASCORBIC ACID-OXIDIZING ENZYME 


As has been mentioned already, the aerobic oxidase of the apple was pre- 
viously found to be able to oxidize d-gluco-ascorbic acid, which is antiscorbu- 
tically inactive. From the experiments described above it now seems that this 
oxidation is not direct but is due to the action of compounds resulting from the 
enzymic oxidation of substances, probably polyhydricphenols, present in the 
juice. Since this mechanism is different from that of the cabbage, cauliflower, 
cucumber and marrow, which oxidize ascorbic acid directly, it was of interest 


to test the action of the enzyme of the latter group upon the above analogue of 
ascorbic acid. The precipitated enzyme of the marrow was used as a repre- 
sentative of this group of enzymes. Its effect upon d-gluco-ascorbic acid is 
given in Table XIII and it is seen that this enzyme also rapidly oxidizes this 
substance. 


Table XIII. Oxidation of d-gluco-ascorbic acid by the marrow enzyme 


mg. d-gluco-ascorbic acid in 2-0 ml. of test solution 


a 
d-Gluco-ascorbic acid and 
d-Gluco-ascorbic acid in precipitated marrow 
M/15 KH,PO, juice enzyme in M/15 
Time in hours pH 6-0 KH,PO, pH 6-0 
0-70 0-70 
0-70 0-35 
0-70 0-23 
0-70 0-14 
0-70 0-05 
0-70 0-00 


Noe oo 
aocnacon 


DiscussION OF RESULTS 


The results are summarized in Table XIV. The principal point that emerges 
from this investigation is that among the plants examined ascorbic acid is 
dehydrogenated by two different mechanisms. One is characteristic of the 
cabbage, cauliflower, cucumber and marrow, the other of the apple and the 
potato. The former group contains an aerobic oxidase which although unable to 
act on phenols can oxidize ascorbic acid directly. The latter group, on the other 
hand, does not contain such a specific enzyme but can dehydrogenate ascorbic 
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acid indirectly by previously oxidizing mono- and poly-hydricphenols, if these 
are present in the medium, to their corresponding quinones, which in their turn 
oxidize ascorbic acid. The juice of the cabbage group of plants besides possessing 
a direct ascorbic acid oxidase can also oxidize catechol directly, but this reaction, 
unlike that of the apple and the potato, begins only when the oxidation of the 
ascorbic acid present is complete. 

The direct dehydrogenation of ascorbic acid by some of the above plants, 
cabbage etc., seems to be due to one enzyme. Although the sensitivity of the 
reaction to cyanide differs somewhat with the source, this fact is not sufficient 
in itself to justify the assumption that different oxidases are involved. It is 
known that the same enzyme but of different origins when acting on the same 
substrate can be inhibited by cyanide to different extents. Phenolase may be 
mentioned in this connexion [cf. Suminokura, 1930; Wieland & Sutter, 1928; 
1930]. Nor can the different suitabilities of the reagents in the precipitation from 
the various sources be taken as an indication that the enzyme is not identical 
in each case, since the variation of the amount of inactive precipitable material 
would determine the choice of the most appropriate reagent. 

The tissues of a great number of plants can, therefore, oxidize ascorbic acid 
in vitro by any one of at least three different enzyme systems, namely indirectly 
by peroxidase [Szent-Gyérgyi, 1928] and, as seen above, by phenolases such 
as are present in the apple and the potato and directly by an aerobic oxidase 
contained in the cabbage, etc.1 This last enzyme has been further found to be 
capable of dehydrogenating another member of the ascorbic acid series of 
compounds. Whether the specificity of this oxidase is restricted only to this 
category of substances cannot at present be answered. Preliminary experiments 
with reductone and dihydroxymaleic acid, which reduce indophenol, although 
suggestive that these substrates may be oxidized by the enzyme, were com- 
plicated by other factors and consequently did not yield results justifying a final 
conclusion. 

The results so far obtained with disrupted tissues in vitro leave their signifi- 
cance in the biological processes of the plant a matter for speculation. Con- 
structive spggestions cannot reasonably be made until information bearing on 
the point is obtained in the living plant before the disintegration of the tissues. 
Some information of this character has already been obtained. Thus indications 
were found that in the apple part of its vitamin C is present as dehydroascorbic 
acid in the living tissue [Zilva et al. 1935]. The equilibrium between ascorbic 
acid and its dehydrogenated form in the living cell .has since been followed up 
by these workers during growth, maturity and senescence of the apple. The 
results of this investigation will form the subject of another communication. 


1 The plant differs in this respect from the animal since the disrupted tissues of the latter 
do not oxidize ascorbic acid. I should like to take this opportunity of correcting an error in a 
previous publication [Kellie & Zilva, 1936]. In Table IV (p. 365), “Corpuscles + 1-5 mg. ascorbic 
acid/100 ml.” and “Whole blood + 1-5 mg. ascorbic acid/100 ml. blood” should read “ Trichloro- 
acetic acid extract of corpuscles” etc. and of “whole blood etc.” respectively. This control was 
performed in order to demonstrate that genuine ascorbic acid, unlike the indophenol-reducing 
substance of these extracts found after treatment with H,S, was not affected by the passage of 
a current of nitrogen. Borsook et al. [1937, p. 237] are undoubtedly right in asserting that ascorbic 
acid added before precipitation with trichloroacetic acid is oxidized to dehydroascorbic acid at 
least to some extent. This would be expected from our work on the influence of laked blood on 


ascorbic acid. (S. 8. Z.) 
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SUMMARY 


The cabbage, cauliflower, cucumber and marrow contain an enzyme which 
oxidizes /-ascorbic acid and d-gluco-ascorbic acid directly. This enzyme does not 
oxidize mono- or di-hydricphenols. 

The juices of these plants oxidize catechol as well as ascorbic acid. When 
both are present the oxidation of the former begins only after the oxidation of 
the latter stops. 

No enzyme capable of oxidizing /-ascorbic acid directly has been found in 
the apple or the potato. The phenolases present in these plants can, however, 
oxidize it in the presence of catechol or of the juice. This ascorbic acid-oxidizing 
system is therefore distinct from that of the cabbage, cauliflower, cucumber and 
marrow. 

The presence of peroxidase, but not of peroxide, could be established in the 
fresh juices of the cabbage, cauliflower, cucumber and marrow. 


One of us (S. W. J.) is indebted to the Medical Research Council for a whole 
time grant. 
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COLCHICINE 


Drxon & MALDEN [1908] showed that the injection of colchicine into rabbits 
produced a rapid increase in the number of leucocytes of the blood. Further 
investigations of the action of the drug by Lits [1934], Dustin [1934] and 
Ludford [1936] have shown that injection of 0-025 mg. colchicine into mice 
arrests cell division at the metaphase in grafted tumour tissue, the thymus 
gland, testis and the small intestine. Amoroso [1935] claimed that injection of 
colchicine inhibited tumour growth in a dog and in mice but no confirmation of 
this has as yet been published. 












Toxicity 






All injections in these experiments were intraperitoneal. The survival times 
of mice injected with colchicine are shown in Table I. It will be noticed that the 
lethal dose of colchicine does not kill some animals until after 48 hours. Also 
a given dose is much more toxic to mice bearing tumours than to normal 
animals: thus 60° of normal animals survived a week with 0-1 mg., whereas 









Table I. Toxicity of colchicine to mice 


Number surviving 











Dose 
mg. 24 hours 48 hours 72hours 1 week 
A. Normal mice. 10 mice given each dose 
0-2 2 1 0 -- 
0-1 10 9 8 6 
0-05 10 9 8 8 
0-025 10 10 10 10 
M 






1 


10 
5 
8 
5 





D. Effect of tumour size. 10 mice bearing Crocker 180 tumours 
injected with 0-05 mg. colchicine 
Weight of tumour 8-3 50 37 23 165 14 O89 O07 06 


48 








17 18 
( 454 ) 


<12 <12 








Hours of survival 
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Fig. 1. Normal Jensen rat sarcoma. x 120. Ascorbic acid content, 0-32 mg. per g. Metabolism, 
Qo, = 11:8; Q x, = 23-4. 


Fig. 2. Jensen sarcoma from a rat 16 hours after intraperitoneal injection of 0-2 mg. colchicine. 
x 120. Ascorbic acid content, 0-13 mg. per g. Metabolism, Q,,=1-2; Qx,=1-8. 
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0-05 mg. was fatal to nearly all animals with tumours. The size of the tumour 
affects the survival rate, the animals with large tumours being very sensitive 
(Table I D). Ascorbic acid had no favourable effect on the survival rate. 

From the small number of experiments done with rats to determine the 
toxicity, it was shown that the toxic dose is about twice that for mice, and that 
tumour-bearing animals are again more sensitive and die more quickly. No 
normal rats have died within a few days with doses of 0-2 mg., but this amount 
killed 4 out of 12 animals bearing tumours within 18 hours. 


Haemorrhage in tumours 


In most cases the tumours of animals injected with a dose of colchicine 
amounting to half the lethal dose became very haemorrhagic within 6-12 hours 
of the injection. No effect has been noticed in less than 4 hours and the maximum | 
effect appears in 18-24 hours. Normally the tumours used in these experiments ~ 
are almost white. In albino animals injected with colchicine the haemorrhage 
causes the tumour to appear dark beneath the skin. The haemorrhagic tumours 
are generally entirely red except for the necrotic area. Microscopic examination 
of sections of these tumours shows numerous areas filled with red blood cor- 
puscles: the surrounding tumour tissue contains very little blood (see Pl. III, 
figs. 1 and 2). 

Effect on ascorbic acid content of tissues 

Injection of colchicine in lethal and sublethal doses diminishes the ascorbic 
acid content, as measured by the indophenol-reducing power, of the tumours, 
intestines and livers of rats and mice within 18 hours of injection. Table II 


Table II. Average indophenol-reducing power (mg. of ascorbic acid per g.) of 
various rat and mouse tissues : rats injected with 0-2 mg. and mice with 0-1 mg. 


colchicine 18 hours previously 
The numbers in brackets refer to the number of determinations 


Tissue Untreated 

Mouse: 

S 37 

Mal. 

Crocker 

Intestine 

Liver 

Brain 
Rat: 


Jensen sarcoma 

Intestine 

Liver 0-15 (4) 
Brain 0-43 (2) 
Testis 0-29 (2) 


gives a summary of determinations on various tissues. Although this effect is 
generally shown it does not invariably occur and some of the treated animals 
apparently remain normal. For this reason individual results of any treatment 
cannot be taken as typical. The ascorbic acid contents of the brain and testis 
are not affected by colchicine. Glutathione estimations have been made on many 
tissues of treated animals and no significant difference from the normal values 
has been observed. 

The minimum dose for the effect on the ascorbic acid content of tumours 
was found to be fairly close to the toxic dose as shown by the results with 
different doses in Table III. A definite effect is obtained in mice with 0-025 mg. 
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Dose 
mg. 


0 

0 
0-012 
0-012 
0-025 
0-025 
0-050 
0-05 
0-10 
0-20 


Tumour 
Mice bearing Crocker 180 sarcoma 


Liver 


0-16 0-27 
0-18 0-30 
0-17 0-27 
0-15 0-29 
0-13 0-18 
0-12 0-21 
0-08 0-12 
0-10 0-12 
0-07 0-13 
0-09 0-14 
Rats bearing Jensen rat sarcoma 
0-39 0-26 
0-31 0-27 
0-24 0-27 
0-37 0-26 
0-21 0-27 
0-24 0-24 
0-09 0-10 
0-13 0-24 
0-14 0-09 
0-13 0-17 





0-17 





0-18 


Ascorbic acid 








Metabolism of tumour 
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colchicine and in rats with doses over 0-1 mg. In mice the ratio of effective dose 
to toxic dose is much lower than in rats. The effective dose in mice is about the 
same as that used for therapeutic experiments in mice by Amoroso [1935]. 


Table III. Effect of different doses of colchicine on the ascorbic acid content 
of mouse and rat tissues, 16 hours after injection 


Ascorbic acid, mg. per g. 


Intestine 


SP2PPSeoe 
m bo = NO bo to 
SKU ONS 


°° 
—— | 
hm bo 


0-39 
0-33 
0-29 
0-28 
0-34 
028 
0-13 
0-23 
0-14 
0-16 
0-20 


Table IV. Effect of 0-2 mg. colchicine injected into rats with J.R.S. tumours 


Time mg. per g. 
after Degree of — ‘ ———_, SSS eee 
injection haemorrhage J.R.S. Small Qos 
hours in tumour tumour Liver intestine Qo. QN, (with glucose) 
Control - 0-20 0-30 0-25 — — 
cs ~ 0-32 0-23 0-19 12-2 26-3 — 
eS ~ 0-26 0-25 0-24 11-1 19-2 — 
es - 0-35 0-25 0-25 10-0 28-5 — 
4 ++ 0-22 0-15 0-15 2-0 16-0 7-6 
4 ~ 0-23 0-25 0-35 8-3 8-4 13-0 
8 +++ 0-21 0-12 0-15 _- — ao 
12 +++ 0-12 0-10 0-14 0-6 0-0 0-6 
12 ++++ 0-11 0-15 0-13 -= — — 
16 +++ 0-13 0-14 0-19 1-2 1-8 0-2 
16 +++ 0-19 0-12 0-105 1-2 0-0 5-5 
18 - 0-24 0-20 0-18 11-2 20-4 — 
18 +++ 0-06 0-13 0-20 0-5 2-1 — 
20 +++ 0-09 0-10 0-11 —_ = — 
24 ++++ 0-11 0-08 0-13 0-2 1-1 — 
24 ~ 0-35 0-25 0-15 8-0 27-7 6-6 
24 ++ 0-15 0-33 0-25 5-8 17-0 7-7 
48 ++ 0-18 0-32 0-24 — — -- 
48 +++ 0-04 0-23 0-32 0-6 0-0 0-4 
72 + 0-21 0-18 0-14 -— == — 
72 ~ 0-31 0-25 0-24 oo — — 
92 ~ 0-23 0-27 0-23 — = _— 
Degree of haemorrhage: — =normal white tumour; + =slight haemorrhage; 


+ +=fair haemorrhage; + + + =bright red tumour; + + + + =dark red tumour. 
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Table V. Effect of 0-05 mg. colchicine injected into mice with 
Crocker 180 tumours 


Metabolism of tumour 
cc F(  F 
Ox, 
22-0 
20-1 
20-2 


Time after Degree of Ascorbic acid, mg. per g. 

injection haemorrhage a 
hours of tumours Tumour Liver 
Control - 0-20 0-35 
e - 0-26 0-38 

4 - 0-24 0-41 

4 - 4 0-22 

18 2 0-31 

21 2 0-30 

24 3 0-20 
24 0-10 
28 “Le 0-32 

28 0-42 

42 0-24 
42 + 0-32 
46 +2 0-43 

70 - y 0-42 

70 ; 0-32 

72 : 0-32 

13 days “16 0-44 


s 
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The duration of the effects of colchicine on various properties of animal 
tissues is shown in Tables IV and V. 


Effect on tissue metabolism 


Using the Warburg technique, measurements of the respiration and glyco- 
lysis of tumours taken from animals treated with colchicine were made. Although 
the similar doses of colchicine did not always produce similar effects it was 
invariably the case that when the tumours were very haemorrhagic the meta- 
bolism was low and was sometimes completely inhibited. After a few days 
(see Tables IV and V) the effect appeared to pass off and the tumour to become 
normal if the animal survived. 

The liver respiration was measured in several cases, but was (with the 
exception of one fatty liver) never below normal, even in such animals as were 
almost moribund. 


Effect on metabolism of colchicine added in vitro 


The effect of colchicine added to liver and tumour slices in vitro was also 
determined. A concentration of 0-03°% reduced the respiration without added 


Table VI. Effect on metabolism of compounds added in vitro to J.R.S. slices 


Ratio of Qo, to normal Qo, 


Concentration lst hour 2nd hour 
Control 0-82 0-66 
Control (with glucose) 0-90 0-85 

A. Colchicine: 
1: 1,000 0-64 0-30 
1 : 1,000 (with glucose) 0-92 0-79 
1 : 3,300 0-73 0-46 
1: 10,000 0-81 0-57 
B. Colchiceine: 
1: 1,000 0-28 0-04 
1: 3,300 0-40 0-10 
1: 10,000 0-65 0-22 
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glucose after 1-3 hours (see Table VI). Colchiceine, which is far less effective 
when injected into the animals (unpublished observations), is much more active 
than colchicine when tested in vitro: a concentration of 1 in 10,000 reduces the 
respiration to one-quarter of the normal value in | hour. 












The effect of sex hormones 


Mosonyi [1936] found that the injection of male hormone into male guinea- 
pigs and of female hormone into female guinea-pigs caused a reduction in the 
ascorbic acid contents of the adrenal glands and liver. The effects of andro- 
sterone benzoate and oestrone benzoate on the ascorbic acid content and meta- 
bolism of tumour and liver tissue of mice are shown in Table VII. It will be 
seen that no significant change was produced. 










Table VII. The effect of sex hormones on ascorbic acid content and metabolism 
of tissues of mice with Crocker 180 tumours 












Time 







Dose after Ascorbic acid, mg. per g. 

Sex of Hormone (in mg. of injection —_ Qo, of 
mouse injected benzoate) days Tumour Liver Intestine tumour 
Q Oestrone 0-02 1 0-18 0-38 0-23 9-2 
0-02 2 0-24 0-42 0-39 78 
0-02 3 0-24 _ 0-29 6-2 
0-1 l 0-30 0-36 0-38 8-6 
0-2 2 0-26 0-33 0-36 6-8 











3 Oestrone 0-02 1 0-25 0-35 0-24 7-1 
0-02 2 0-23 0-23 0-23 6-4 
0-02 3 0-22 0-27 0-25 9-7 
0-1 1 0-23 0-26 0-29 75 
0-2 2 0-23 0-27 0-21 9-9 
2 Androsterone 0-5 1 0-22 0-27 0-38 5-7 
0-5 2 0-22 0-32 0-36 71 
0-5 3 0-22 0-31 0-33 77 
2-5 1 0-20 0-34 0-32 7:2 
5-0 2 0-21 0-27 0-24 73 
3 Androsterone 0-5 1 0-15 0-23 o= 5-7 
0-5 2 0-19 0-20 0-19 7-4 
0-5 3 0-26 0-28 0-25 8-1 
2-5 1 0-20 0-29 0-29 11-6 
5-0 2 0-21 0-38 0-33 6-8 
Average normal (5 mice) _ — 0-21 0-35 0-35 8-5 







EFFrect oF B. TY PHOSUS WASHINGS 






The effect of colchicine in producing haemorrhage in tumours appeared to 
be similar to that of such bacterial filtrates and washings as elicit the Shwartz- 
man reaction in rabbits described by Gratia & Linz [1931] and Shwartzman & 
Michailovsky [1932]. Agar washings from a culture of B. typhosus (Watson) 
containing 0-2°% formalin were injected into tumour-bearing animals in the 
same way as colchicine was injected. Haemorrhage was produced in the 
tumour and also reduction in the ascorbic acid content and metabolism as 
shown in Table VIII. The effect of the bacterial extract in reducing the ascorbic 
acid content is in agreement with results obtained by Harde & Kobozieff [1936] 
using a killed culture of Salmonella typhimurium. 
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Table VIII. Effect of B. typhosus filtrate 24 hours after injection 


Mice bearing Crocker 180 


Degree of Ascorbic acid, mg. per g. Metabolism of tumour 
A 


Dose haemorrhage + 
ml, of tumour Tumour Liver Intestine Qos Ns 
Control ~ 0-18 — — 8-2 20 
0-35 nd 7-6 18 
0-26 2-8 0 
= 6-0 22 
0-33 0 0 
~- 6-2 13-5 
0-35 0 0 
meee 1-8 2-6 


c eee, 





Mice bearing S 37. Metabolism 
Ascorbic acid, Rats bearing J.R.S. sa 
mg. per g. Ascorbic acid, mg. per g. Tumour 
pa 


J 


© 


Tumour Liver Tumour Liver Intestine 
0-26 0-35 0-30 0-41 0-44 
0-10 0-38 0-07 0-15 0-15 
0-12 0-38 0-04 0-07 0-10 
0-14 0-36 0-04 0-13 0-12 

— = 0-10 0-42 0-40 


eos 
l Sou! 


Injection of colchicine and B. typhosus filtrate into mice bearing 
spontaneous tumours 


All the grafted tumours that have been used (S 37, Mal. and Crocker 180 in 
mice and J.R.S. in rats) have, with a few individual exceptions, given the typical 
responses with colchicine and B. typhosus washings. 

Duran-Reynals [1933] had found that slowly growing spontaneous tumours 
were practically non-susceptible to B. coli filtrates which produced haemorrhage 
in rapidly growing transplantable tumours. The effect of colchicine on spon- 
taneous mouse tumours was therefore examined and the observations are 
recorded in Table IX. (Sections of the tumours were examined and all were 


Table IX. Mice, bearing spontaneous tumours, injected with 
colchicine 24 hours previously 


Ascorbic acid, mg. per g. Metabolism tumour 
Dose Degree of —W YT ee a 
mg. haemorrhage Tumour Liver Intestine Qo. Qn» 
Control ++ 0-16 0-26 0-30 as = 
0-16 0-21 0-33 a = 
. 0-27 0-19 10-9 29-0 
0-23 0-30 10-1 17-5 
— 11-2 11-8 
12-0 11-2 
0-40 6-5 8-9 
0-25 11-5 20-0 
0-33 4-4 78 
0-23 10-6 11-4 


. 
. 


SSSS9SS0 
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found to be carcinomata.) It is difficult to assess the results obtained on the 
spontaneous tumours on account of the wide variation in extent of haemorrhage 
and in metabolism of the untreated tumours, but there is no doubt that the 
spontaneous tumours used did not respond to treatment with colchicine or with 
B. typhosus filtrate to the same extent as did transplantable tumours. 
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The effect of colchicine on rabbit skin 


As colchicine resembles bacterial filtrates in its effect on grafted tumours the 
effect of colchicine in producing the Shwartzman phenomenon was tested. The 
shaved skin of albino rabbits was injected with 0-025, 0-05, 0-1 and 0-2 mg. of 
colchicine. Intravenous injections of 1-0 mg. of colchicine were given 24 hours 
later and the skin examined frequently during the next few days. No reaction 
was obtained in any of the rabbits. 


Discussion 


The results show that the effects of colchicine injected into rats and mice 
bearing grafted tumours (in producing haemorrhage, reducing ascorbic acid 
content and metabolism of the tumour) are similar to those of a “filtrate” of 
B. typhosus. The nature of the factor in bacterial filtrates which produces these 
effects is not known but it appears to be identical with the factor responsible 
for the Shwartzman phenomenon (in the skin of the rabbit). In order to obtain 
these effects doses of colchicine approaching the toxic dose and ten times as 
great as those necessary to produce inhibition of mitosis are required. Colchicine 
resembles the bacterial filtrates in that, in order to produce injury to the tumour, 
doses are required which almost kill the animals. 

The fate of the ascorbic acid which disappears from the tissues is not known. 
Some of the decrease of this compound in tumours must be due to increase in 
the amount of blood in the tissue, but that increase does not appear to be 
large enough to account for all the difference. Colchicine also causes a diminu- 
tion in the ascorbic acid of the intestine, without the appearance of haemorrhage. 
Experiments to determine whether the tissues of colchicine-treated animals 
contained dehydroascorbic acid showed that none was present. There also 
appeared to be no increase in the urinary excretion of ascorbic acid on treating 
rats with colchicine. 

SUMMARY 


Colchicine in doses approaching the toxic dose produces haemorrhage in 
grafted tumours accompanied by a reduction in the ascorbic acid content and 
metabolism of the tumours. In these effects colchicine behaves like a B. typhosus 
filtrate. 

Colchicine also causes a reduction in the ascorbic acid contents of the liver 
and intestine of rats and mice, but does not inhibit the metabolism of the liver. 


We are indebted to Dr Henderson of the Lister Institute, Elstree, for the 
B. typhosus filtrate. One of us (M. E. B.) has pleasure in thanking the House 
Committee of the Royal Cancer Hospital for a scholarship held during the 
progress of this work. 
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LXIII. STUDIES IN TISSUE METABOLISM 


xX. THE EFFECT OF COZYMASE ON GLYCOLYSIS 
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By ERIC BOYLAND, MARGARET ESTHER BOYLAND 
anD GUY DRUMMOND GREVILLE! 


From the Research Institute of the Royal Cancer Hospital (Free), London, 
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(Received 30 January 1937) 


Ir has been shown that tumour extracts contain nucleosidases, adenine deaminase 
and xanthine dehydrogenase and destroy adenylpyrophosphate, a coenzyme 
of muscle glycolysis [Boyland & Boyland, 1935, 1]. By adding large amounts 
of adenylpyrophosphate to compensate for its breakdown some glycolysis of 
hexosediphosphate but not of glucose was obtained in extracts of the Crocker 
180 mouse sarcoma [Boyland & Boyland, 1935, 2]. It was also shown that 
tumour extracts rapidly converted hexosediphosphate into triosephosphate. 
During the last year further work on the intermediate stages of glycolysis has 
suggested that some factor similar to cozymase is essential for glycolysis. This 
culminated in the publication by Meyerhof & Ohlmeyer [1936] which appeared 
after the essential facts of the present paper had been obtained, stating that 
cozymase was essential for enzymic lactic acid formation in well-dialyzed muscle 
extract ; this was in agreement with the results which we have found with tumour 
extract. Two facts suggested that cozymase might be required: (1) tumour 
extracts alone converted hexosediphosphate into triosephosphate and the next 
step in carbohydrate breakdown by yeast, an oxido-reduction, requires cozy- 
mase; (2) Euler & Myrback [1928] showed that cozymase was destroyed by 
nucleosidase, and Euler [1936] and Warburg & Christian [1936] have shown 
cozymase to be a nucleotide containing adenylic acid and nicotinamide, so that it 
would be rapidly destroyed in tumour extract which attacks other adenine 
compounds. 

Jensen rat sarcoma extracts destroy adenylic acid much more rapidly than do 
extracts of the Crocker 180 mouse sarcoma and for this reason extracts of the 
latter were mainly used in the following experiments. 


EXPERIMENTAL 


Extracts of frozen Crocker 180 mouse sarcomata were prepared as previously 
described and incubated with substrates and coenzymes in 0-2% NaHCO, 
solution in the Warburg apparatus at 38° in the presence of N, containing 5% 
CO,. Coenzymes were added from the side vessel after shaking for 10 min. in 
the thermostat. Manometric estimations of the CO, displaced by lactic acid were 
made every 5 or 10 min. and at the end of the incubation CCl,COOH was added 
and lactic acid estimated in the protein-free filtrate as described by Lohmann 
[1928]. The manometric and chemical estimations of lactic acid were in approxi- 
mate agreement with each other in experiments with glucose, and it was assumed 
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that the rate of CO, evolution was proportional to the lactic acid formation. In 
order to construct the curves shown in Fig. 1, the same assumption was made in 
the glycolysis of phosphoric esters, although the CO, evolved from them was less 
than equivalent to the lactic acid formation. In some cases triosephosphate 
(dihydroxyacetonephosphate and glyceraldehydephosphate) was estimated as 
the difference between the free inorganic phosphate and phosphate present after 
treatment with N NaOH in the cold. 


a @ 


> 


mg. lactic acid formed 
tract corresponding to 1 g. tissue 
hRe 


from ex 


o 


2 
Hours 


Oo 


Fig. 1. Lactic acid production in extract of frozen Crocker sarcoma 180. 1 ml. extract (corre- 
sponding to 0-5 g. tissue) incubated with 2-0 mg. NaHCO, +0-1 mg. MgCl, at 38° for 1 hour. 
Additions: 
A. Hexosediphosphate (15 mg. hexose). 
B. As A +0-5 mg. cozymase. 
C. As A+1-0 mg. cozymase. 
D. 10 mg. glucose + hexosediphosphate (0-05 mg. hexose) + 0-5 mg. cozymase. 
E. As D but with 1-0 mg. cozymase. 
F. Hexosemonophosphate (18 mg. hexose) + 1-0 mg. cozymase. 


Cozymase was prepared from D.C.L. yeast (a baker’s yeast which is rich in 
cozymase) as described by Euler e¢ al. [1936]. The preparation was controlled at 
every stage by activity determinations using apozymase standardized against 
apozymase and cozymase (ACo 500,000) kindly given by Prof. v. Euler to Prof. 
E. C. Dodds. The cozymase used in these experiments had passed through the 
cuprous salt stage but had not been fractionated with alcohol. It was of high 
activity, ACo 600,000 as confirmed by Prof. v. Euler, for whose help we are most 
grateful. Lactic dehydrogenase coenzyme was prepared as described by Banga 
et al. [1932] and yeast adenylic acid from Roche Products Ltd. was used. 

Fig. 1 and Table I show results from two typical experiments on the effect of 
cozymase. With the extract alone very little lactic acid was produced from any 
substrate, but when cozymase was added lactic acid was formed from glucose 
containing a small amount of hexosediphosphate, from hexosemonophosphate 
and from hexosediphosphate in amount varying with the concentration of 
cozymase present. 

Table I and Fig. 2 show that the glycolysis of glucose was further increased by 
addition of adenylic acid, which is analogous to the findings of Meyerhof & 
Ohlmeyer [1936] with muscle extract dialyzed for 36-48 hours. 





COZYMASE AND TUMOUR GLYCOLYSIS 


Table I. Glycolysis in extract of frozen Crocker sarcoma 180 at 38° 
1 ml. extract (0-5 g. tissue) + 1 mg. cozymase + 0-1 mg. MgCl, +2-0 mg. NaHCO, 


Mg. lactic acid formed in 
Substrates extract equivalent to 1 g. 
~ A . tissue in 1 hour 
Hexose- Hexose- —sTO OVO 
Glucose diphosphate as monophosphate Without With 2 mg. 
mg. mg. hexose as mg. hexose adenylic acid adenylic acid 
10 — 3-6 
10 15 6-4 
10 0-015 6-3 
a 15 6-0 
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Fig. 2. Lactic acid production in extract of frozen Crocker sarcoma 180. 1 ml. extract (equivalent 


to 05g. tissue) incubated with 10mg. glucose +hexosediphosphate (0-05 mg. hexose) 
+2-0 mg. NaHCO, +0-1 mg. MgCl, at 38° for 1 hour. 


Additions: 


A. With 2 mg. adenylic acid and 0-5 mg. cozymase after 1 hour. 

B. With 1 mg. cozymase. 

C. With 2 mg. adenylic acid +0-5 mg. cozymase and 0-5 mg. cozymase after 1 hour. 
D. With 2 mg. adenylic acid + 1-0 mg. cozymase. 

E. With 2 mg. lactic dehydrogenase coenzyme. 


The effect of hexosediphosphate in increasing the glycolysis of glucose is 
shown in Table I. It is remarkable that addition of hexosediphosphate should 
be necessary for glucose breakdown as CCl,COOH solution extracts of tumour 
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tissue contain traces of triosephosphate, as measured by the alkali-labile phos- 
phate, and therefore probably contain hexosediphosphate. The rate of glycolysis 
with excess of both glucose and hexosediphosphate is the same as with either of 
them alone and therefore it is improbable that there is a different glycolytic 
system present for each of these substrates. 

As the experiments shown in Figs. 1 and 2 indicate, the effect of cozymase in 
increasing the glycolysis is of short duration, but addition of more cozymase 
increases the rate of glycolysis a second time (Fig. 2). Lactic dehydrogenase 
coenzyme, which is probably similar in structure to cozymase, has some acti- 
vating power in tumour glycolysis but never gave full activation of an extract 
(Fig. 2). 

That the cozymase is concerned with the further change of triosephosphate 
was shown by estimations of triosephosphate in extracts with and without 
cozymase (Table II). Without cozymase the normal equilibrium amount of 


Table II. Changes in lactic acid, free phosphate and triosephosphate (expressed as 
mg. formed in extract equivalent to 1 g. tissue) in Crocker 180 sarcoma extract 





after 1 hour’s incubation iia 
——.--——_——_,, 
Lactic Free Triose- 
Cozymase acid phosphate _ phosphate 
Substrate mg. mg. as mg. P as mg. P 
Glucose + hexosediphosphate (0-01 mg. P) — 0-1 0-106 0-002 
99 . 0-5 1-2 0-205 0-000 
Hexosediphosphate (1-2 mg. P) 0-1 0-112 0-275 
9 % 0-5 2-5 0-810 0-018 
Hexosemonophosphate (1-1 mg. P) 0-1 0-080 0-265 
0-5 2-2 0-017 0-018 





” ” 





triosephosphate formed from hexosediphosphate was found. With cozymase 
present the triosephosphate was broken down and there was a large increase in 


free phosphate. 
The tumour extract with cozymase, adenylic acid and a trace of hexose- 


diphosphate was not only able to produce lactic acid from glucose but also from 
fructose and glycogen (Table III). 


Table III. Glycolysis in extract of frozen Crocker sarcoma 180 at 38° 


1 ml. extract with 0-5 mg. cozymase and hexosediphosphate (0-05 mg. hexose) 


mg. lactic acid formed in extract 
equivalent to 1 g. tissue in 1 hour 





Without With 
Substrates adenylic acid adenylic acid 
10 mg. glucose 5-0 58 
10 mg. fructose 3-9 9-0 
10 mg. glycogen — 6-0 


If the mechanisms for glycolysis are the same in tumour tissue and extract, 
then the tissue should contain cozymase. Boiled tumour extracts were made 
from Jensen rat sarcoma and Crocker 180 sarcoma by grinding with an equal 
volume of boiling water and centrifuging. The effects of these extracts in in- 
creasing the rate of fermentation of washed dried yeast were determined, the 
cozymase content being estimated by the method of Myrback [1933]. The 
apozymase was made from Messrs Barclay Perkins’ brewer’s bottom yeast: the 
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initial pH was 6-7 and the phosphate concentration 0-2.M (optimum). In order 
to reduce the induction period it was necessary to add acetaldehyde (2 mg.) as 
well as hexosediphosphate. The results indicate that the Crocker 180 extracts 
contained up to 65 Co-units per ml., the J.R.S. up to 110 Co-units per ml. Three 
samples of yeast gave values between 150 and 300 Co-units per ml. The boiled 
tumour extracts also caused some glycolysis in frozen Crocker sarcoma 180 
extract (Table IV). 


Table IV. Lactic acid produced by an extract of frozen Crocker sarcoma 180 
activated by boiled extracts 


Expressed as mg. lactic acid formed by extract equivalent to 1 g. tissue per hour, 
from 10 mg. glucose + 2 mg. hexosediphosphate + 2 mg. adenylic acid 


Type of boiled extract added to 
frozen Crocker extract 


ml. of r ~ 
boiled Boiled Boiled Boiled 
extract yeast J.RS. Crocker 180 
0-1 2-7 
0-2 3-1 
0-é 
1: 





1-5 
Sa 2-2 

The action of tumour extract on cozymase was determined by estimating the 
cozymase activity (as shown by the ability to increase the fermentation of 
washed dried yeast) of a known amount of cozymase incubated with frozen 


Table V. Lactic acid production and inactivation of added yeast cozymase by 2 ml. 
frozen Crocker sarcoma 180 extract in the presence of glucose (10 mg.) and 
hexosediphosphate (0-01 mg. P) 


0-5 mg. (=300 Co-units) added 
Exp. 1 Exp. 2 
OO ; co 
Lactic acid Lactic acid 
formed in Cozymase formed in Cozymase 
previous 10 min. (Co-units) previous 10 min. (Co-units) 
Time F present Time mg. present 
0 340 0 _— 290 
15 § 215 10 0-52 80 
30 D- 170 25 0-45 10 
45 . 130 40 0-14 10 
60 re 80 40* — 260 


* Extract heated to 80° before incubation. 


tumour extract for different times. The results shown in Table V show how 
rapidly the tumour extract destroys the cozymase isolated from yeast, and that 
the rate of lactic acid production falls as the cozymase disappears. 


Discussion 


In the experiments with Crocker 180 tumour extract to which cozymase and 
adenylic acid are added lactic acid is produced at the rate of 8-10 mg. an hour 
in an extract equivalent to 1 g. of tissue. Assuming Q ?.4;. ,.iq= 20-22 and a water 
content of 88%, which are the values we have found for the tumours used, 
normal Crocker tumour slices produce about 11 mg. lactic acid per g. wet weight. 
Thus in the tumour extract for the period when sufficient cozymase and adenylic 
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acid are present, glycolysis is nearly as rapid as it would be in the equivalent 
amount of whole tissue. 

The absence of glycolytic activity from a tumour extract can be explained as 
a result of the nucleosidase activity of the extract destroying the necessary 
coenzymes, cozymase and adenylic acid. In the living tissue the enzymes attack- 
ing nucleosides may be mainly concentrated in the nucleus but in breaking the 
cell walls to obtain the extract the nuclei are also broken down. In the whole 
tumour tissue a substance with cozymase activity is present as it is in muscle and 
it is presumably essential for glycolysis in both tissues. No essential differences 
have been found in the intermediate stages of carbohydrate breakdown in tumour 


tissue and muscle. 
SUMMARY 


1. The addition of yeast cozymase and adenylic acid to a cell-free extract of 
the Crocker 180 tumour increases the glycolytic power to that of the tissue from 
which the extract was made. In the presence of added cozymase and adenylic 
acid, glucose, hexosemonophosphate and hexosediphosphate are converted into 
lactic acid in the extract as rapidly as is glucose by the original tissue. Cozymase 
and adenylic acid are however rapidly destroyed by the extract. 

2. Extracts of boiled tumour tissue increase the rate of fermentation by 
washed dried yeast and therefore contain a cozymase. 
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Research Foundation for assistance (to G. D. G.). We should like to thank Prof. 
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hexosediphosphate and the chief chemist of Messrs Barclay Perkins for yeast used 
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Tue ‘“‘sexual hormones” named in the title, which have been prepared arti- 
ficially, but have not so far been found in the organism, are included in our 
series of experiments, since they are significant (particularly androstenedione) as 
probable intermediate products in the biological formation of the male and 
female sexual hormones from cholesterol [Ruzicka & Wettstein, 1935, 1, 2; 
Butenandt & Kudszus, 1935]. 

The influence of A*-androstenedione and of A®°-androstenediol on the sexual 
organs was examined in short-duration experiments both by Swiss and German 
workers [Ruzicka & Wettstein, 1935, 1, 2; Butenandt & Kudszus, 1935; 
Butenandt & Hanisch, 1935; Butenandt, 1936, 1, 2; Tschopp, 1936]. 

A moderate activity on the male sexual organs of castrated rats was obtained 
with androstenedione, whilst the effect with androstenediol was weaker. A 
positive Allen & Doisy test (keratinization of vaginal epithelium) was obtained in 
ovariectomized rats with androstenediol, but not with androstenedione. In 
normal infantile rats however keratinization of the vagina was also produced 
with androstenedione. 

The progestational reaction was also examined (proliferation of the uterine 
mucosa in infantile normal rabbits) after the injection of androstenedione, but 
the results were negative even with doses as high as 10 and 30 mg. Ruzicka & 
Wettstein [1935, 1], however, regard A‘-androstenedione as a lower homologue 
of the corpus luteum hormone (progesterone). Deanesly & Parkes [1936, 1, 2] in 
short-duration experiments confirmed the results which have been given above. 

Butenandt & Dannenberg [1936] and Butenandt & Schmidt-Thomé [1936] 
prepared also two other A!-. and A®-isomerides of androstenedione. The A}- 
isomeride has an effect which is opposite to that of the A+-isomeride, i.e. no effect 
on the male sexual organs (maximum dose 4 mg.), while the Allen & Doisy test 
was positive after the injection of 2 mg. into ovariectomized rats. The study of 
the physiological effects of the A®-isomeride was insufficient for definite con- 
clusions to be made. 

In the present paper on the effects of prolonged treatment with A*-androstene- 
dione and A®-androstenediol (referred to in this paper as “‘androstenedione”’ and 
“androstenediol’’) the sexual and other organs of gonadectomized male and 
female rats were investigated. The keratinization test on females, more particu- 
larly in short-duration experiments, does not explain the character of the 
activity of the sexual hormones, especially when this activity is unconnected 
with the development of keratinization. 

An accurate and satisfactory answer can be obtained only from prolonged 
experiments by investigation of the organs both by the method of weights as it is 
advocated and used by us and histologically. 

( 467 ) 
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TECHNIQUE 


The general technique was the same as that used in our previous experiments, 
The penis was cut off just below the basal bulb after fixation of this organ, 
Androstenedione and androstenediol were prepared and kindly supplied by 
Messrs Ciba Ltd., and oestrone by Prof. Girard. The hormones were dissolved 
in sesame oil. The doses used depended on the solubility of the hormone in 
this solvent, which was much higher in the case of dione (about 1 : 100) than 
in that of diol (about 1 : 1000). In consequence, while it was possible to.inject the 
smaller doses in 0-1 ml. of oil twice a day, it was necessary to inject 0-3 ml. of 
solution twice a day in order to inject 600y of diol, whilst 3000 y of dione were 
given by injecting 0-2 ml. in the morning and 0-1 ml. in the evening (total 
0-3 ml. per day). Each 0-1 ml. however was injected into a separate place in the 
subcutaneous tissue in. order to facilitate absorption of the hormone. 

6 of oestrone were injected 4 times per week and the other hormones were 
injected daily. The period of injection was 21 days. The tables have been 
shortened and in order to economise space the weights per unit of body weight 
are not given. In drawing our conclusions however these were always taken into 
consideration and are mentioned in the text, where the results given by the 
weights per unit of body weight differ from those given by the actual weights. 
The weight of uterus (horns+ cervix) does not represent the complete weight, 
being less by the weight of the parts of the horns which were removed with the 
ovaries at ovariectomy in order to ensure that the ovariectomy was complete. 
Therefore comparison of the weights of the cervix of uterus gives more accurate 


data. 


EFFECTS ON CASTRATED MALES OF ANDROSTENEDIONE ALONE OR IN 
COMBINATION WITH OESTRONE OR TESTOSTERONE 


The experiment was performed on 51 rats belonging to 10 litters, the average 
age of which was 79 days. The rats were distributed into 9 groups as shown in 
Table I, one rat of each litter being placed in a different group and each group 
containing approximately the same number of rats of the same age. 

Sexual organs. As can be seen from Table I (cols. III—V) and from a com- 
parison with the normal controls (col. I) complete recovery of the sexual organs, 
atrophied after castration, was not obtained even with 3 mg. per day (the highest 
dose used), except in the case of the preputial glands, the weight of which even 
exceeded the normal weight. While in combination with oestrone no co-operative 
effect was obtained (compare col. III with VI and col. V with VIJ), in combination 
with testosterone this effect was clearly seen (cols. III, VIII and IX) especially 
in the case of the seminal vesicles, on which the effect was greater than would 
be given by pure summation. 

Adrenals. The hypertrophied “castration” adrenals (col. II) were reduced to 
the normal size and weight by all the doses of androstenedione used. Combina- 
tion with testosterone did not influence this effect (col. [X). It has been pre- 
viously found [Korenchevsky & Dennison, 1934] that oestrone produces hyper- 
trophy of the adrenals and checks the restorative effect of androsterone on 
“castration” adrenals particularly in the case of small doses of androsterone 
[Korenchevsky et al. 1935, Table III, p. 2541]. In the present experiments this 
same depressing effect of oestrone on the action of androstenedione on the 
adrenals was again observed and again was seen more clearly with the smaller 


dose (col. VI). 





MALE SEX HORMONES 


Table I. Effect on male rats of androstenedione alone or in combination 
with oestrone or testosterone 


The average actual weights of organs of castrated rats injected with the hormones compared 
with those of the organs of normal and castrated uninjected litter-mates 


I Il Ill IV V vI Vil Vill IX 
Castrated rats injected with 





Testo- 
Oestrone 6y + sterone 
oS 500y + 
Andro- Andro- andro- 
Control rats Androstenedione stene- stene- Testo-  stene- 
—"—— ——_ dione dione sterone dione 
Organ Normal Castrated 500y 1000y 3000y 500, 500y 500y 
Seminal vesicles 615 12 86 170 367 90 146 346 
(mg.) 
Prostate (mg.) 809 60 307 484 713 304 630 
Penis (mg.) 285 206 232 254 202 27: 194 248 
Preputial glands 130 116 =144 = 200 104 
(mg.) 
Adrenals (mg.) 
Hypophysis (mg.) 
Thymus (mg.) 
Liver (g.) 
Kidneys (g.) 
Heart (mg.) 
Fat (g.) 
Final body 
weight (g.) 
Gain in body 
weight (g.) 
No. of rats in 
group 


onl 
toa 


56 56 52 67 60 
143 154 16-0 13-4 
527 463 26 : 525 
105 10-9 10-7 11-2 
1-77 1-81 1-89 
846 830 
7:3 9-2 7-3 
2592-281 


Bm wy 
Sr St go 
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~I 
sak 
Sk mo 
Oo “10 
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Thymus, liver and heart. The usual effects of the male sexual hormones on the 
thymus (increase in the rate of involution) and liver (increase in weight) of 
castrated rats were also seen after androstenedione injections. The weight of the 
liver however did not reach normal. The very small changes in the weight of the 
heart were within the physiological fluctuations and are mentioned, since with 
the male hormones this change usually occurs to a more pronounced degree: in 
the present experiment the weight of the heart, which decreased slightly after 
castration (col. II), increased after the injection of the hormones (cols. ITJ-IX). 

Gain in body weight and fat deposition. The changes obtained were also typical 
of the effects of the male hormones: the gain in body weight, slightly decreased 
by castration (col. IT), was restored to normal or was even greater than normal 
after the injections in spite of a decrease in the deposition of fat (cols. III—V). 
This suggests the stimulation of the anabolic processes in the building of new 
tissues. While the addition of testosterone (col. [X) had no influence on this 
metabolic effect, the addition of oestrone had a depressing effect (cols. VI and 
VII). A similar checking of the gain in body weight was seen when oestrone was 
injected in combination with androsterone [Korenchevsky et al. 1935, Table ITI, 
p. 2541], with testosterone [Korenchevsky et al. 1936, Table IV, p. 565] or with 
transdehydroandrosterone [Korenchevsky & Dennison, 1936, p. 1517]. 

Thyroids, hypophysis and kidneys did not show any definite changes in weight 
as the result of the injections. However, the usual effect of castration, hyper- 
trophy of the hypophysis and slight decrease in the weight of the kidneys was 
evident. 
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EFFECT ON OVARIECTOMIZED FEMALES OF ANDROSTENEDIONE 
ALONE OR IN COMBINATION WITH OESTRONE 







Experiments were performed on 58 rats belonging to 11 litters. The rats were 
arranged in 8 groups (Table IT) in the same way as in the previous experiments 
with males. 

Table II. Effect on female rats of androstenedione alone 
or in combination with oestrone 








The average actual weights of organs of ovariectomized rats injected with the hormones compared 
with those of the organs of normal and ovariectomized uninjected litter-mates 


iil IV x VI VII Vill 






IX 





Il 





I 


























Ovariectomized rats injected with 
koa . 
Oestrone 6y + 

Control rats Andro- Andro- 

——““——“ Androstenedione stene- stene- 

Ovari- Oestrone ——————*—————_ dione dione 

Organ Normal ectomized  6y 500y 1000y 3000» 500y 3000» Age 

Uterus (horns + 372 35 155 50 — 101 248 229 79 
cervix) (mg.) 361 30 125 54 53 77 177 260 69 
Cervix of uterus 123 18 68 23 _ 49 101 116 79 
(mg.) 113 10 55 21 19 27 72 95 68 
Vagina (mg.) 240 138 189 209 — 235 254 276 79 
225 132 202 181 196 213 247 273 68 
Female preputial 101 67 67 157 — 204 120 228 79 
glands (mg.) 106 75 78 161 189 260 193 257 68 
Adrenals (mg.) 71 91 79 68 _ 52 70 63 79 
71 85 86 71 64 47 72 51 68 
Thymus (mg.) 254 494 407 369 — 336 325 233 79 
341 696 508 488 402 417 444 334 68 
Liver (g.) 7-1 7:8 6-9 9-5 — 9-4 7-7 8-9 79 
8-2 8-9 7-5 9-8 9-1 9-7 8-4 9-1 68 
Fat (g.) 17-2 12-8 12-9 18-2 — 10-7 14-1 9-3 79 
9-2 8-5 7-5 11-1 9-0 9-0 6-5 6-0 68 
Final body weight 226 260 217 280 — 256 221 237 79 
(g.) 197 222 198 233 4221 224 195 201 68 
Gain in body weight 51 66 29 73 = 65 27 30 79 
(g.) 57 85 45 86 73 87 53 57 68 
No. of rats in group 9 10 12 5 4 5 6 7 79 
68 











Sexual organs. It is clear from Table II that androstenedione has a con- 
siderable stimulating effect not only on the male sexual organs but also on those 
of females. As in the case of the other male sexual hormones, co-operative 
activity with oestrone and overstimulation of the female preputial glands were 
observed. With the largest daily dose used (3 mg.) the weight of the vagina 
became nearly normal, though that of the uterus was much less than normal 
(col. VI). In combination with oestrone while the vagina attained a weight 
greater than normal, the weight of the uterus was still less than normal (cols. 


VII and VIII). 
On the development of a “‘clitoris-like” organ in females. In female rats there are three orifices 


in the hind part of the body; one under the tail, the orifice of the rectum; a second more 
ventrally, the orifice of the vagina; and a third still more ventrally, a funnel-like depression in 
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the skin into which opens in the middle the urethra and on each side the orifices of the female 
preputial glands. In normal female rats the ventral and side walls of about 2-3 mm. of the 
urethra are slightly thickened and have a slightly redder colour than the remaining part of the 
urethra. In ovariectomized rats this thickening of the urethra becomes very atrophic and remains 
so in ovariectomized rats injected with oestrone. Androstenedione injections, however, develop 
this thickening into a structure 5-6 mm. long and 2-3 mm. wide protruding over the orifice of the 
urethral canal into the funnel-like depression in the skin. The colour of this structure is also much 
deeper than it is normally. The appearance is that of a clitoris or short rudimentary penis with a 
preputium-like folding of the skin over it. 

Before the histological investigation is completed, no definite conclusion can be made as to the 
nature of this structure. 


Adrenals, thymus and liver. The action of androstenedione on these organs in 
ovariectomized females was similar to that on the corresponding organs in 
castrated males, injection bringing about a decrease in the weight of the adrenals 
and thymus (cols. [V—VI) (which organs are larger in spayed than in normal rats 
(cols. I and II)) and an increase in the weight of the liver as compared with that 
of control ovariectomized rats. 

Gain in body weight and fat deposition. As is usual the ovariectomized rats 
were heavier and their gain in weight greater than that of the normal rats in 
spite of the absence (at this age) of an increase in the deposition of fat. While 
oestrone alone, or in combination with androstenedione, decreased the gain in 
body weight, with androstenedione alone no definite changes were seen. 


EFFECT ON CASTRATED MALES OF ANDROSTENEDIOL ALONE 
OR IN COMBINATION WITH OESTRONE 


The experiments were performed on 15 rats belonging to 3 litters 69 days old. 
The rats were divided into 5 groups as shown in Table III. With the doses used 
the effect on the sexual organs (except the preputial glands) was small and there 
was no definite co-operative effect with oestrone. The “castration” adrenals 


Table III. Effect on male rats of androstenediol alone 
or in combination with oestrone 


The average actual weights of organs of castrated rats injected with the hormones compared 
with those of the organs of uninjected castrated litter-mates 


Castrated rats injected with 





Oestrone 6y + 


Control Androstenediol Androstene- Androstene- 


castrated —-" 7 diol diol 
rats 200 y 600y 200y 600y 


Seminal vesicles (mg.) 14 17 35 25 33 
Prostate (mg.) 58 90 130 92 106 
Penis (mg.) 72 97 134 103 121 
Preputial glands (mg.) 60 81 160 121 167 
Adrenals (mg.) 68-5 58-8 54-4 78-3 76-1 
Thyroids (mg.) 20-4 20-7 24-9 20-7 23-5 
Hypophysis (mg.) 14-3 14-1 15-3 19-1 18-8 
Thymus (mg.) 659 646 600 697 602 
Fat (g.) 8-7 93 6-7 7-0 5-9 
Final body weight (g.) 267 265 229 241 247 
Gain in body weight (g.) 116 111 76 90 76 
No. of rats in group 3 3 3 3 3 
Biochem. 1937 xxxI 30 
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decreased in weight after the injection of androstenediol, but this effect was 
completely suppressed by the addition of oestrone to the injections. A second 
noteworthy effect was the action on the hypophysis of a combination of oestrone 
and androstenediol, the “castration” hypertrophy of this gland being increased 
in all the rats injected. There was no definite change in the weight of the other 
organs investigated. The very weak effect or complete absence of effect on the 
thymus was unexpected with a “sexual”? compound. 

The gain in body weight and the deposition of fat decreased after the in- 
jection of a large dose of androstenediol alone and after either dose in combina- 


tion with oestrone. 









Ratio ( x 100) of percentage increase in actual weight of prostate to that of seminal 
vesicles after injection of androstenedione and androstenediol compared with 
this ratio observed during natural growth of the organs in normal rats 






The relation of the growth of the prostate to that of the seminal vesicles is 
given in Table IV. We have previously discussed [e.g. Korenchevsky & Dennison, 
1936, p. 1519] the significance of this ratio in estimating the qualitative effects of 
the sexual hormones, this ratio indicating how nearly the changes observed after 
the injections approximate to the normal relative developments of the prostate 
and seminal vesicles in normal rats (= 25). 


Table IV 


Daily dose 
Hormone y 


Androstenedione 500 67 
1000 54 
3000 37 
200 
600 83 



















Androstenediol 








Normal development — 25 
in normal rats 












As was found with the other male hormones, the larger the doses of dione and 
diol injected, the closer to the normal ratio is the ratio obtained. It is also clear 
that the development of the sexual organs is more nearly normal with dione than 
with diol. However, even with the highest dose (3000) the normal ratio is not 
attained (37 instead of 25). 











EFFECT ON OVARIECTOMIZED FEMALES OF ANDROSTENEDIOL ALONE 
OR IN COMBINATION WITH OESTRONE 







The experiments were performed on 13 spayed rats belonging to 3 litters, the 
average age of which was 65 days. The results are summarized in Table V. 
Sexual organs. The data given in Table II (cols. I and III, second lines) for 
normal control and spayed oestrone-injected rats might also be used for compari- 
son in this experiment, since the ages of the two groups of rats were not very 
different (68 days in the previous experiment, 65 days in the present experiment). 
From a comparison of the results obtained after injection with the data for 
control uninjected normal and spayed rats it may be concluded that androstene- 
diol produced some degree of development of the sexual organs. A comparison of 
the weights of the sexual organs of rats injected with similar doses of androstene- 
diol (600, Table V) and androstenedione (500, Table IT, col. [V) shows that 
the diol had a stronger action on the uterus than had the dione, while on the 
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Table V. Effect on female rats of androstenediol alone 
or in combination with oestrone 
The average actual weights of organs of spayed rats injected with the hormones compared 
with those of the organs of uninjected spayed litter-mates 
Spayed rats injected with 





= 
Oestrone 6y + 


CSS een ee 
Control Androstenediol Androstene- Androstene- 
spayed ew diol diol 
rats 200y 600y 200y 600y 
Uterus (horns + 28 51 80 134 127 
cervix) (mg.) 
Cervix of uterus (mg.) 19 28 44 52 
Vagina (mg.) ‘ 141 174 186 
Female preputial 178 145 176 
glands (mg.) 
Adrenals (mg.) é 55-6 57° 
Hypophysis (mg.) 2- 12-5 14- 
Thymus (mg.) g 412 332 
Fat (g.) 9 4-9 
Final body weight (g.) 2 187 188 
Gain in body weight (g.) 67 56 
No. of rats in group d 2 3 
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vagina the activities of these hormones were similar. Whilst, however, diol 
(Table V) showed no co-operative activity with oestrone (since the weights of 
the organs were about equal to those obtained after the injection of oestrone 
alone, Table II, col. III), in the case of dione co-operation with oestrone was 
clearly seen (Table II, cols. VII and VIII). As with all the other hormones, which 
have definite male activity, the weight and size of the female preputial glands 
also increased abnormally after androstenediol injections. 

Other organs. The action of androstenediol on the adrenals was typical of that 
of the male hormones, the weight decreasing when diol was injected alone. This 
effect however was suppressed or decreased when androstenediol was injected in 
combination with oestrone. Whilst the rate of involution of the thymus increased 
after the injection of diol, no effect or even an increase was obtained in the weight 
of the ‘‘castration’’ hypophysis. 

Both alone and in combination with oestrone androstenediol decreased the 
gain in body weight and the deposition of fat. 

Note on the preliminary histological investigation of the female sexual organs. Histologically both 
androstenedione and androstenediol produced various degrees of hypertrophy of the uterine 
mucosa and myometrium. 

Under the influence of androstenedione the vaginal epithelium became slightly hypertrophic 
and with high doses slight mucification of the cells occurred, while with androstenediol the 
mucification of the hypertrophied cells was complete. 

Combination of dione or diol with oestrone caused hypertrophy of the uterus, the micro- 
scopical appearance of which was that seen in dioestrus. 

On the vagina however the addition of oestrone to these two hormones had different effects, 
for with dione slight or medium pregnancy-like mucification of the vaginal epithelium was pro- 
duced, whilst with diol oestrone completely suppressed the mucification, which was obtained with 
diol alone. © 

SUMMARY 


1. Experiments were performed on 7 normal and 59 castrated male rats, and 
on 9 normal female and 62 ovariectomized rats, belonging to 27 litters for the 
purpose of investigating the actions of A*-androstenedione and A®-androstenediol. 
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2. Both these artificial sexual hormones undoubtedly have both male and 
female sexual activities, the weight, size and histological structures of the organs 
atrophied after gonadectomy being restored towards but not up to the normal 
condition. 

3. The weight and size of both the male and female preputial glands how- 
ever become normal or supranormal after the injections. 

4, The hypertrophying effect on the female preputial glands places both these 
hormones biologically (our definition) in the group of male hormones (e.g. 
testosterone) and not in that of female hormones (e.g. oestrone). 

5. In the doses used, androstenedione shows a co-operative activity with 
oestrone on the female sexual organs only, but not on the male organs, while 
androstenediol shows no co-operative activity with oestrone either on the male 
or female organs. 

6. On the contrary there is histological evidence of an antagonistic effect of 
oestrone on the action of androstenediol on some of the female sexual organs. 

7. There is co-operative activity on the male sexual organs between andro- 
stenedione and testosterone, especially on the seminal vesicles. 

8. In female rats the thickened peripheral end of the urethra atrophies very 
considerably after ovariectomy, but after the injection of androstenedione into 
spayed rats it hypertrophies into a structure which is much larger than that seen 
in normal rats and is reminiscent of a clitoris. Oestrone does not have this 
effect. 

9. Both hormones cause a definite decrease in the weight of the adrenals and 
an increase in the rate of involution of the thymus in both castrated and ovari- 
ectomized rats (except that in males the effect of androstenediol on the thymus 
was indefinite). The addition of oestrone seems to depress this action on the 
adrenals, especially in the case of androstenediol. 

10. The effects of these hormones on the other organs, on the fat deposition 
and on the gain in body weight were also discussed. 
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MIEscHER é¢ al. [1936, 1, 2] found that the activity of testosterone on male 
sexual organs was greatly increased by esterification. Of the various esters 
prepared the propionate, as judged by short-duration experiments, proved to be 
the most effective. It brought about a greater increase in the size of the male 
sexual organs in castrated rats and also a longer duration of the effect than was 
obtained with other esters; e.g. after a single injection of 2 mg. of testosterone 
propionate, dissolved in 2 ml. of sesame oil, or after two injections of 1 mg. in 
1 ml. of sesame oil with a 5-day interval, the maximum effect was obtained on 
about the llth day after the first injection, the activity lasting at least 2-4 
weeks. With testosterone the activity had disappeared by the 11th day, the 
maximum effect being observed a few days after the injection. Parkes [1936] 
also confirmed the results quoted above in short-duration experiments on the 
prostate and seminal vesicles. 

Such properties of the propionate would be important from a therapeutic 
view-point and it is also possible that testosterone is normally present in the 
body as an ester. 

On the basis of the experiments with the esters of testosterone Miescher et al. 
[1936, 2] confirmed the conclusion which we have repeatedly emphasized in our 
papers since 1932 [Korenchevsky, 1932; Korenchevsky ef al. 1933; Koren- 
chevsky & Dennison, 1934, 2; 1935, 2; Korenchevsky et al. 1935, 1] and also 
at the “‘Second Conference on the Standardization of Sex Hormones” (1935, 
London), that the capon unit is insufficient for the standardization of the male 
sexual hormones and that a rat unit should also be introduced. In addition to the 
results of our experiments Miescher et al. gave a good example in favour of our 
conclusion, namely that in the capon test testosterone benzoate was practically 
inactive, whilst in the rat test it was active. 

In our previous papers we have shown (1) that for the characterization of the 
hormones it is essential to obtain the results of prolonged treatment, (2) that the 
male hormones, in particular testosterone, have many of the important properties 
of the female hormones and (3) that the sexual hormones have an important 
influence on various organs other than the sex organs. Therefore in the following 
experiments prolonged treatment with testosterone propionate was carried out 
not only on males but also on females, various organs, in addition to the sex 
organs, being investigated. 

TECHNIQUE 

The general technique was the same as that used in our previous experiments. 
Artificial testosterone and testosterone propionate were prepared and kindly 
supplied by Messrs Ciba Ltd., and oestrone by Prof. Girard. The hormones were 
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dissolved in sesame oil, the daily dose being injected in half-doses (0-1 ml. of 
oily solution) twice a day. In the present experiments all injections were made 
for the prolonged periods of 23 days in the case of male rats and 21 days in that 
of the female rats, in order that the results obtained might be compared with 
those previously published [Korenchevsky et al. 1936; Korenchevsky & Dennison, 
1936, 2]. For the same reason the particular doses used were selected for the 
present experiment. 

Further details of the technique used are given at the beginning of the 
description of each experiment. In order to economize space only the actual 
weights of the organs are given in the tables, reference being made in the text 
where the weights per unit of body weight (200 g.) suggest another explanation 
of the results obtained than that given by the actual weights. 

1-2 mg. of testosterone propionate are equivalent to 1-005 mg. of testosterone. 


THE COMPARISON OF THE ACTIVITY OF TESTOSTERONE PROPIONATE 
WITH THAT OF TESTOSTERONE ON MALE RATS 


In each group of rats the results obtained both from the weight of the organs 
and from the preliminary histological investigation were not only sharply defined, 
but consistent. 

Therefore, 8 litters containing 31 rats were sufficient for the experiment. The 
average age of the rats at death was 89 days and the rats were divided into 5 
groups (Table I, cols. II-VI) in such a way that litter-mates or rats of similar 
age were present in each of the groups. In order to compare the activity of 
testosterone propionate with that of testosterone the results are given (Table I, 
cols. VII-IX) of a previous experiment on 12 castrated rats injected for 23 days 
with quantitatively the same doses of testosterone as those of testosterone pro- 
pionate used in the present experiments. We also wished to confirm the claim, 
made by Miescher et al., that after injection the activity of the propionate not 
only persists, but the maximum effect is seen on the average on the 11th day after 
injection. For this purpose in half of the rats in each group (cols. IT, III and IV) 
the injections were started 9 days earlier than in the rats of the other half of the 
group. As all the rats were injected for the same period, the injection of the rats 
of the first group ceased 9 days before they were killed, and thus the rats in the 
two half-groups were killed at the same age. The number of days between the last 
injection and death is given in Table I, col. I. 

Since the “‘testosterone rats” (aged 98 days) were older than the “testo- 
sterone propionate rats”, the data given for the normal and castrated litter- 
mates (cols. V and VI) of the “testosterone propionate rats” refer only to the 
latter. Similar data for the normal and castrated controls to the “testosterone 
rats’’ can be found in Table III, cols. I and II of our previous paper [Koren- 
chevsky et al. 1936, p. 563]. However, as the ages of the two groups of rats 
happen to be not greatly different, the control weights of the organs do not 
show great differences and in most cases the data given for the control rats in the 
present paper may be taken for comparison with both the “propionate” and 
the “testosterone” rats. 

Sexual organs. Rats killed 1 day after the last injection. As can be seen from 
Table I, cols. II-VI, the injection of 500 of testosterone propionate for 23 days 
brought about a return of the sexual organs to the normal weight, only the penis 
being slightly less than normal. The variation in the normal weight of the 
preputial glands is considerable and such a weight as 154 mg. may be considered 
normal for rats of the age of those in the present experiments. The largest daily 
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Table I. Effect on male rats of testosterone propionate compared 
with that of testosterone 


The average actual weights of organs of castrated rats injected with testosterone propionate 
compared with those of the organs of normal and castrated litter-mates and with those of 
testosterone-injected rats 

I Il iit IV Vv VI Vil Vill IX 


No. of 
days Castrated rats injected Castrated rats injected 
between with testosterone Control rats with testosterone 
last propionate per day —_——_ per day 
injection = ———*~————_, Cas- ata ee a 
Organ and death 167y 500y 1400y Normal trated 167y 500y 1400y 
766 1228 1441 1005 14 81 180 276 
204 284 507 — _— — 
887 1242 1165 1167 63 230 367 554 
463 614 774 — 
283 301 322 336 78 
267 276 295 
153 154 226 
118 118 165 
59 55 
59 48 
12-5 15-1 
13-3 13-1 
219 110 
291 120 
12-1 12-5 12-9 
11-5 11-6 
2-03 2-30 2-21 
1-84 2-22 
932 1062 1001 974 
927 873 
12-2 10-1 15-9 14-3 
13-1 10-9 
316 327 
318 322 
Gain in body 77 64 
weight (g.) 61 28 
No. of rats in 8 t 
group 


Seminal vesicles 
(mg.) 
Prostate (mg.) 


bo 
I 
-I 


Penis (mg.) 


Preputial glands 
(mg.) 
Adrenals (mg.) 


@ .& 
|S |e | 


— 
| or 
Oo 


Hypophysis 
(mg.) 
Thymus (mg.) 


a 
Qo 
bo 


| 


— 
oo 
@ 


Liver (g.) 


| bo | 
bo 
bo 


Kidneys (g.) 
Heart (mg.) 


Retroperitoneal 
fat (g.) 

Final body 
weight (g.) 


1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 
1 
9 


dose of propionate used, 1-4 mg., caused an increase in the weight of the seminal 
vesicles and preputial glands to a weight greater than normal, the weight of the 
penis increased to normal, while the weight of the prostate remained approxi- 
mately the same as with the smaller dose of 0-5 mg. 

Rats killed 9 days after the last injection. As is shown by the second line for 
each organ (Table I), after an interval of 9 days there was considerable atrophy 
of the seminal vesicles and prostate, which were respectively about 3 to 4 times 
and twice the weight of these organs in rats killed 1 day after the last injection. 
These lower weights, however, still represent considerable hypertrophy of the 
sexual organs as compared with those in castrated rats (col. VI). The correspond- 
ing decrease in weight was less in the case of the penis and preputial glands. 

Comparison with testosterone. A comparison of the data in cols. IT, III and IV 
with those in cols. VII, VIII and IX shows clearly that the activity of the pro- 

‘pionate is much greater than that of testosterone. This difference in the effects is 
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greatest with the smaller doses (167) and is less pronounced with the larger 
doses of 500 and 1400y. 

The degree of restorative effect on the different sexual organs differed with 
the two hormones, the propionate restoring both the seminal vesicles and the 
prostate in a normal ratio to or towards normal, while testosterone had much less 
effect on the seminal vesicles than on the prostate. This difference is much less 
pronounced in the case of the penis and still less so in that of the preputial glands. 

Adrenals. These glands which hypertrophy after castration return to the 
normal weight after testosterone injections but become slightly subnormal in 
weight after propionate injections, this effect persisting even 9 days after the last 
injection. 

Thymus. The rate of involution of the thymus, decreased by castration, 
returned to normal after the injection of testosterone and of the small doses of 
propionate, but 500-1400y of this ester brought about a pathologically rapid 
involution, which was still maintained 9 days after the last injection. 

Liver and kidneys. The slight atrophy of the liver and kidneys observed after 
castration, partially or completely disappeared after the injection both of the 
propionate and of testosterone, but this effect did not seem in all cases to last 
9 days after the last injection. 

Heart. In the present experiment it was not found that the heart of the 
castrated control rats (Table I, col. VI) was significantly less than that of normal 
rats (col. V), though in rats castrated for a longer time than those in the present 
experiment the weight of the heart is almost always subnormal. Consequently 
the changes produced by the propionate were not so clear as in the testosterone 
experiment [Korenchevsky et al. 1936, p. 563, Table III, cols. I-VI]. If however 
any significance can be attached to such small changes as those in the present 
experiment, these are of the same nature as those which we have previously 
observed after the injection of male hormones into rats castrated for a longer 
period. In agreement with this the largest heart was seen in the rat injected with 
the largest dose of the propionate (as in the case of testosterone) but 9 days after 
the cessation of the injections the slight decrease in the weight of this organ had 
reappeared. 

Thyroid, hypophysis and spleen did not show definite or constant changes in 
weight and, therefore, before the histological investigation is completed, no 
conclusions can be drawn with regard to these organs. 

Fat deposition and gain in body weight. As in our other experiments, it was 
found that the gain in body weight of castrated male rats (col. VI) was less than 
that of normal rats (col. V), but contrary to our usual observation no significant 
change in fat deposition was observed. In our previous experiments it was found 
that testosterone injections caused an improvement in the gain in body weight 
without any increase in the deposition of fat [Korenchevsky e¢ al. 1936, 
pp. 564-5]. It was therefore concluded that this gain in body weight was due 
to the anabolic processes of building new tissues and not to an increase by fat 
deposition. Small doses (167 y, col. II) of the propionate had a similar effect, but 
the largest dose caused a small decrease in the gain in body weight. It is re- 
markable that this decrease was more pronounced 9 days after than immediately 
after the last injection of the propionate and that with the smaller doses the 
gain in body weight also decreased. The decreased gain in body weight is possibly 
due to an increase in the catabolic processes in the organism caused by excessive 
doses of the propionate, while small doses may increase only the anabolic 
processes. 
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THE COMPARISON OF THE EFFECTS OF TESTOSTERONE PROPIONATE WITH 
THOSE OF TESTOSTERONE OR OESTRONE ON FEMALE RATS 


Experiments were performed on 35 female rats, belonging to 6 litters, divided 
into 7 groups as shown in Table II, cols. I-VII. These data were compared with 
those previously obtained with 20 rats injected with testosterone. As only part 
of these data has been published elsewhere [Korenchevsky et al. 1936; Koren- 
chevsky & Dennison, 1936, 2],in this paper the complete dataare given in Table IT, 
cols. VIII-XI. An investigation was made of the effect both of the male 


Table II. Effect on female rats of testosterone propionate 
compared with that of testosterone 


The average actual weights of organs of spayed rats injected with testosterone propionate alone or in combination with 
oestrone compared with those of the organs of normal and spayed uninjected litter-mates and with those of testosterone- 
injected rats. 

I II Ill IV V vI Vil Vill Ix Xx XI 


Spayed rats injected with 
— ‘ 


Organ 
Uterus (horns + cervix) 
(mg.) 
Cervix of uterus (mg.) 


Vagina (mg.) 

Female preputial glands 
(mg.) 

Adrenals (mg.) 

Hypophysis (mg.) 

Thymus (mg.) 

Liver (g.) 

Kidneys (g.) 

Heart (mg.) 

Fat (g.) 


Final body weight (g.) 


Gain in body weight (g.) 


No. of rats in group 


Control rats 


a 
Normal Spayed 


360 


lll 


232 


40 


4 


41 
36 
20 
15 


142 
119 


74 
17 


83 


Oest- 
rone 
by 
162 
157 
63 
58 
223 
196 
80 
67 
85 
67 
145 
13-1 
353 
507 
7-0 
TO 
1-50 
1:36 
678 
581 
9-0 
7-4 
199 
188 
15 


7 


7 


Testosterone 


propionate 


167y 
185 
186 
iF 
86 
322 
249 
206 
225 
58 
49 
13-7 
11-1 
349 
317 
10-2 
78 
1-88 
1-55 
864 
635 
14-4 
63 
271 
182 
42 
69 
5 


7007 


240 


100 


Oestrone 6y + 


Test. 
prop. 
l67y 
313 
273 
155 
116 
313 
313 
219 
192 
67 
56 
14-7 
10-4 
219 
361 


Test. 


236 


lll 


Testosterone 
ee 


100y 


167y 
58 
45 
25 
16 
184 
139 
140 
167 
71 
53 
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4 


Oestrone 6y + 
am 
Test. Test. 
T00y I167y TO0y 
138 235 290 
113 
71 
48 
221 
194 
165 
145 
57 
64 
14-0 
10-6 
319 
409 
8-0 
8-4 
1-61 
1-65 
846 
740 
14-4 
6-1 
280 
204 


5 
92 
8 


_ Note. For rats injected with testosterone propionate, first line represents weights of organs of rats 82 days old, second 
line those of rats 61 days old. For rats injected with testosterone, first line represents rats 106 days old, second line rats 56 


days old. 


hormones injected alone and in combination with oestrone. In other respects this 
experiment was arranged in the same way as the previous experiment on male 
rats. In Table IT two lines of data are given for each organ of the propionate- 
injected rats and their controls (cols. I-VII), the upper line for rats which were 
on the average 82 days old and the lower line for those 61 days old when killed. 
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The respective lines in cols. VIII—-XI give the data for the testosterone-injected 
rats, the average ages of which were 106 days (upper line) and 56 days (lower 
line). The control normal and spayed rats (cols. I and II), litter-mates of the 
testosterone propionate-injected rats (cols. III-VI1), can therefore only be used 
for making an approximate comparison with the rats of the testosterone ex- 
periment (cols. VIII—XI). The true control data for these latter rats are given in 
Table V, cols. I and II, in our previous paper [Korenchevsky et al. 1936, p. 567). 
These data however do not in most cases differ much from those of the controls of 
the present experiment. 

The changes in the weight of the organs per unit of body weight will only be 
mentioned in those cases where the results per unit of body weight differ from 
those obtained from the actual weights. 

Sexual organs. Since we always remove part of each horn with the ovary at 
ovariectomy in order to ensure the completeness of the operation, the weight of 
the “uterus” (horn and cervix) of the spayed rats in our experiments is always 
less by the weight of the parts of the horns removed, than it would otherwise be. 
Taking this into consideration the following conclusions may be drawn from the 
data given in Table IT: (1) with the doses used, testosterone propionate caused a 
greater restoration to the normal weight of the atrophied uterus than did 
oestrone (cols. III-V); (2) in combination with oestrone the propionate (cols. 
VI and VII), as judged by the weight of the cervix, caused a return of the uterus 
to the normal weight; (3) although, as compared with the same doses of pro- 
pionate, pure testosterone alone (cols. VIII and IX) or in combination with 
oestrone (cols. X and XI) was less effective, the large dose of testosterone (700+) 
with oestrone (6) brought about nearly complete recovery of the weight of the 
uterus (col. XI); (4) the propionate both alone and in combination with oestrone 
produced a vagina, which was abnormally large for rats of that age, and preputial 
glands the increase in weight of which was even more abnormal (cols. II-VI). 
Though testosterone had a similar effect on the preputial glands (cols. VITI—X1), 
only with 700y of testosterone in combination with oestrone (col. XI) was a 
vagina (284 mg.) obtained, which was slightly above the normal (254 mg. at this 
age); (5) oestrone alone, in the doses used (6y per day 4 times a week), did not 
bring about a return of any of the sexual organs to the normal weight, the nearest 
approach to normal occurring in the case of the vagina; (6) a hypertrophy of the 
peripheral end of the urethra into the clitoris-like structure, as described in 
our previous paper [Korenchevsky et al. 1937], also occurred under the influence 
of testosterone and testosterone propionate, being more pronounced after the 
propionate injections. 

Adrenals. Whilst the effects of ovariectomy and of oestrone injections (cols. 
I-III) were not definite, there was a considerable decrease in the size of the 
adrenals after the injection of the propionate both alone and in combination with 
oestrone. Testosterone alone, but not when combined with oestrone, had a similar 
effect, i.e. oestrone is able to depress this activity of testosterone. 

Thymus. The rate of involution of the thymus, which is decreased by ovari- 
ectomy, was restored to (small doses) or exceeded (large doses, cols. V and VII) 
normal after the injection of the propionate either alone or in combination with 
oestrone. Oestrone alone or testosterone alone and in combination with oestrone 
had less effect. 

Other organs. No definite changes were obtained in the weights of the thyroids, 
hypophysis, liver, kidneys, spleen and heart, especially when the weights per 
unit of body weight were considered, e.g. the increase in the actual weight of the 
liver of ovariectomized rats (col. II) as compared with normal rats (col. I) or the 
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decrease in that of the oestrone-injected rats was not seen when the weights were 
calculated per unit of body weight. 

Fat deposition and body weight. As in our previous experiments [Koren- 
chevsky et al. 1936; Korenchevsky & Dennison, 1936, 3], the body weights of 
ovariectomized rats and their gains in body weight were greater than those of the 
normal litter-mates (cols. I and II), though the increased fat deposition was 
seen only in the group of rats ovariectomized for a longer period (first line, in 
Table Il). 6y of oestrone checked the growth and deposition of fat, which effect 
varied in the individual rats. 

Testosterone propionate alone, and more particularly in combination with 
oestrone, brought about a decrease in the fat deposition and in the gain in body 
weight as compared with the uninjected spayed litter-mates (col. II) to a degree 
which approximated to or was below normal. It is thus evident that these 
hormones influence the metabolism; this effect however must be studied in 
special experiments. 


Note on the histological changes induced by testosterone propionate in the sexual organs of spayed 
females. These changes will be described in detail elsewhere. After the injection of 700y of testo- 
sterone propionate alone or in combination with oestrone, the changes in the uterus and vagina 
were generally similar to those which we had observed after the injection of testosterone [Koren - 
chevsky & Dennison, 1936, 2] or of androstanediol [Korenchevsky & Dennison, 1936, 1], except 
that after the propionate injections the uterine mucosa had the lace-like appearance of that seen in 
the pregnancy uterus. However, although the appearances of both the vagina and uterus were 
strongly reminiscent of those of these organs in pregnancy, there were at the same time some 
definite and abnormal differences. No cornification similar to that seen in the vaginal epithelium 
during oestrus or after oestrone injections was observed after testosterone propionate injections 
either alone or in combination with oestrone. On the contrary the vaginal epithelium was seen in 
various stages of mucification. 


DIscussIoN 


In our previous experiments we made a study of the effects on male and 
female rats of different male and female sexual hormones, both those isolated 
from urine [Korenchevsky et al. 1933] and of the following pure crystalline 
hormones: androsterone [Korenchevsky, 1935; Korenchevsky & Dennison, 1935, 
2; 1936, 1; Korenchevsky et al. 1935, 2], androstanediol (at the time designated 
by us “androsteronediol”’) [Korenchevsky & Dennison 1935, 3; 1936, 1; 
Korenchevsky et al. 1935, 2]; the water-soluble esters of androsterone and andro- 
stanediol [Korenchevsky et al. 1935, 1, 2]; testosterone [Korenchevsky, 1936; 
Korenchevsky & Dennison, 1936, 2; Korenchevsky et al. 1936]; transdehydro- 
androsterone [Korenchevsky & Dennison, 1936, 3]: androstenedione and 
androstenediol [Korenchevsky et al. 1937]; oestrone alone [Korenchevsky & 
Dennison, 1934, 1] or in combination with the hormones mentioned above [see 
references above and also Korenchevsky & Dennison, 1934, 2; 1935, 1, 4]. 
Some of these results have been obtained independently or confirmed by other 
workers in this country and abroad. Other workers, however, have chiefly 
studied the effect on the male sexual organs and, when the effect on the female 
sexual organs has been investigated, this has been done almost exclusively by the 
method of smears from the vagina (“vaginal cornification test’’), though the 
effect of oestrone has been studied more fully. We made a study not only of the 
effect on the sexual organs both in male and female rats, but also of that on 
several other organs. In the case of female rats we have been forced to the 
conclusion that investigation by the method of smears alone, more particularly 
in short-duration experiments, is unreliable. 
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Castrated males. From the experimental evidence, given in the papers 
mentioned above, on the effects of those male hormones and of their derivatives, 
of which we have made a study, we can say that the atrophied sexual organs of 
rats castrated a few days after weaning and injected for the first time not earlier 
than 30 days after castration and for a period of at least 3 weeks, returned to the 
normal condition with androstanediol (700 y daily [Korenchevsky et al. 1935, 2}) 
and with testosterone propionate (500y or more, present paper). All the other 
hormones, including testosterone, in spite of the large doses used, failed to bring 
about a complete recovery of the atrophied sexual organs to the normal con- 
dition though there was some return towards this condition. transDehydro- 
androsterone was the weakest of these hormones. The tendency to bring about 
the development of abnormally large preputial glands is a common feature of 
the male sexual hormones (except of transdehydroandrosterone), when large 
doses are used. Other common properties, also shown in the present experiments 
by testosterone propionate, are the reduction in the size and weight of the 
hypertrophied “‘ castration adrenals”’, the restoration of the rate of involution of 
the thymus, which is delayed by castration, the increase, in most cases to or 
towards the normal weight of the liver, kidneys and heart. The changes in the 
weight of the liver, of the kidneys and more especially of the heart only occur in 
most of the rats and often are not marked in degree, so that the nature of these 
can only be accurately defined when the histological investigation is completed. 
Changes in the thymus may be small or even absent when weak compounds are 
injected, such as transdehydroandrosterone or androstenediol. In most castrated 
rats the gain in body weight, which is less after castration, improved with small 
and medium doses of the sexual hormones but was often decreased by large doses. 
The present experiments with testosterone propionate demonstrate this clearly. 
Since the deposition of fat did not increase simultaneously, and even sometimes 
decreased, this increase in the gain in body weight must be ascribed to the 
building of other than fat tissues, i.e. to the stimulation of the true anabolic pro- 
cesses of metabolism, while large doses possibly increase the catabolic processes. 

Contrary to expectation there was no definite return to normal of the hyper- 
trophied “castration hypophysis”’ either on treatment with testosterone or with 
testosterone propionate. Some degree of recovery however was obtained with 
oestrone, androsterone and androstanediol [Crooke & Korenchevsky, 1935; 
Korenchevsky et al. 1935, 2, p. 2539]. A co-operative effect of male hormones 
with oestrone and with oestradiol was also seen, especially when small doses were 
used. 


Ratio ( x 100) of percentage increase in actual weight of prostate to that of seminal 
vesicles after injection of testosterone propionate as compared with the ratio 
obtained with testosterone or that observed during natural growth of the organs in 
normal rats 


The significance of this ratio was emphasized and explained in our previous 
papers [e.g. Korenchevsky e¢ al. 1936; 1937]. 


Table III 


Daily dose of 
the hormones Testosterone 
Y propionate Testosterone 


167 24 37 
500 22 28 
1400 17 29 
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From Table III it can be seen that (1) with both testosterone propionate and 
testosterone this ratio approximates closely to the ‘‘normal ratio” which from 
our observations is on the average about 25; (2) the low ratio with the injections 
of 1400 is explained by the very large increase in the weight of the seminal 
vesicles; (3) taking into consideration that large doses of androstanediol (700 y) 
gave the ratio 24, and that the ratios obtained with the other hormones were 
considerably higher [Korenchevsky & Dennison, 1936, 3, Table IV, p. 1519}, 
it may be concluded that a normal qualitative development of the prostate and 
seminal vesicles was obtained with androstanediol, testosterone and testosterone 
propionate. 

Spayed females. With none of the male sexual hormones, of which we have so 
far made a study, were we able to obtain histological evidence from our long- 
duration experiments, of the so-called “‘oestrogenic”’ properties of these hor- 
mones, i.e. cornification of the vaginal epithelium, though this reaction has been 
obtained with various compounds by some workers [e.g. Butenandt, 1936; 
Deanesly & Parkes, 1936] in experiments of short duration. On the other hand 
from the evidence of changes in the weight of the female sexual organs of spayed 
rats and from histological investigation we have been able to show that all the 
male sexual hormones which we have investigated stimulated the development 
of the atrophied sexual organs to different degrees. The male hormones investi- 
gated may be arranged in descending order of activity as “female sexual 
stimulators” as follows: 


(1) testosterone propionate, 
(2) testosterone, 

(3) androstanediol, 

(4) androstenediol, 

(5) androstenedione, 

(6) transdehydroandrosterone, 
(7) androsterone. 


However, for the accurate comparative assay of female activity, especially of 
androstenediol, androstenedione and transdehydroandrostrone, special assay 
experiments must be carried out. 

Another important result, which was obtained in our experiments, was the 
fact that there is co-operative activity between the male and female hormones 
(with the possible exception of transdehydroandrosterone and androstenedio)). 

The male hormones investigated decreased the weight of the adrenals and 
thymus in females as well as in males, but the changes in the other organs, when 
they occurred, were small and present only in the majority of the animals. Thus 
an increase in the weight of the liver was seen after the injection of androsterone, 
androstanediol, transdehydroandrosterone and possibly after androstenedione, 
while a decrease in the weight of the hypophysis and a slight increase in the 
weight of the kidneys was observed after androsterone and androstanediol 
injections. The gain in body weight also improved after injections of small doses 
of these hormones. On the other hand testosterone propionate in the doses used 
depressed the gain in body weight, as was also the case in all our experiments 
with oestrone. 

SUMMARY 

1. The effect of testosterone propionate injected alone or in combination 
with oestrone was studied in 31 male and 35 female rats and compared with that 
obtained after the injection of testosterone and of other male sexual hormones 
which had been investigated previously. 
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Castrated males 


2. Testosterone propionate injected into castrated males produces the 
following definite effects on the weights of the organs changed by castration: 
complete recovery to normal of the atrophied sexual organs; a decrease in the 
weight of the “‘castration”’ adrenals, and of the thymus, the involution of which 
is delayed by castration; a slight increase in the weight of the kidneys and liver, 
which organs decrease in weight after castration; an improvement with small 
doses in the gain in body weight (anabolic effect), and a lasting decrease (catabolic 
effect) with large doses. 

3. The activity of testosterone propionate was found to be much greater 
than that of testosterone and the changes produced are to some extent (e.g. 
sexual organs) or completely (e.g. adrenals) maintained 9 days after the last 
injection. 

Spayed females 

4. The method of vaginal smears (vaginal cornification test) when used 
alone is unreliable and insufficient for the explanation of changes induced by the 
sexual hormones in the female sexual organs, while “the method of weights”, 
advocated by us, supplemented by histological investigation of the results 
obtained in prolonged experiments, gives satisfactory and accurate results. 

5. The terms “‘oestrogenic”’ or ‘“‘oestrogens” can be applied only to those 
sexual hormones or compounds which produce not only specific changes in the 
vagina (in rodents, cornification of epithelium) but also specific changes in the 
uterus (at least distension of the uterus). 

6. The hormones or compounds giving only a positive vaginal cornification 
test in rodents or some other single feature of oestrus might be termed “ pseudo- 
oestrogenic”’ or “pseudo-oestrogens”’ or “‘ vaginal keratinizing” or “‘cornifying” 
compounds to distinguish them from the ‘‘oestrogenic’”’ compounds producing 
complete oestrus. 

7. Although all the male hormones, which we investigated, have a stimu- 
lating action on the development of the atrophied female sexual organs, testo- 
sterone propionate was found to be the most active, having even more effect 
than oestrone in the doses used. 

8. Testosterone propionate increases the weight of the uterus (as judged by 
weight of cervix) nearly to the normal when injected alone, and to normal when 
injected in combination with oestrone, produces an abnormally large vagina and 
female preputial glands, both when injected alone or in combination with 
oestrone, decreases the weight of the adrenals, greatly increases the rate of in- 
volution of the thymus and decreases the fat deposition and gain in body weight. 

9. The histological changes in the uterus and vagina are similar to those 
which we obtained with androstanediol or with testosterone, but are more 
reminiscent of the changes observed during pregnancy in normal rats, though 
some abnormal features are seen. 

10. The peripheral end of the female urethra under the influence of testo- 
sterone or testosterone propionate injections develops into a structure having the 
appearance of a clitoris. 


Grants from the Medical Research Council and from the Lister Institute 
have enabled us to carry out this work and to them our thanks are due. We wish 
to express gratitude to Prof. A. Girard for kindly supplying us with oestrone and 
to Messrs Ciba Ltd., in particular to Dr K. Miescher, for the generous supply of 
testosterone and testosterone propionate for these experiments. 
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LXVI. NOTE ON THE PREPARATION OF 
PURINES AND PYRIMIDINES 
FROM NUCLEIC ACID 


By GEORGE HUNTER anp ISYDORE HLYNKA 
From the Department of Biochemistry, University of Alberta, Edmonton, Canada 


(Received 28 January 1937) 


THE present methods [Jones, 1920; Levene, 1922] for the preparation of purines 
and pyrimidines from yeast nucleic acid can be shortened considerably. Advantage 
is taken of the difference in solubilities of the hydrochlorides of guanine and 
adenine in one instance, and of cytosine hydrochloride and uracil in another, 
Separation and purification can thereby be effected simply without the inter- 
mediate formation of Cu or Ag salts or picrate. Moreover, all four substances can 
be obtained from the same sample of nucleic acid. The following is the method 


adopted. 
Purines 


100 g. nucleic acid are suspended in 500 ml. of 95% methyl alcohol and the 
suspension is saturated with a vigorous stream of HCl under reflux. The satura- 
tion and hydrolysis require about 3 hr., during which time the solution is kept 
hot by the rapid passage of HCl. The solution becomes dark, and the original 
nucleic acid in suspension is replaced by a precipitate of guanine and adenine 
hydrochlorides. The reaction mixture is set aside overnight. 

The precipitate is collected, washed with methyl alcohol and dried. The 
conditions of hydrolysis are such that the precipitate at this stage weighs 28-30 g. 
If double the volume of alcohol is used (Levene’s conditions) and hydrolysis is 
allowed to proceed for 2 hr. a much larger precipitate is obtained. From the 
methy] alcoholic filtrate a further small precipitate is obtained on concentration 
to 250 ml. The final methyl.alcoholic filtrate and washings are reserved for 
pyrimidine recovery. 

The combined precipitate is now dissolved in 350 ml. hot water, boiled with 
charcoal and filtered hot. No acid is introduced at this stage so that maximum 
decoloration may take place. Sufficient concentrated HCl is added to the 
decolorized aqueous filtrate to make it 2.N with respect to HCl, any precipitate 
is redissolved by heat and the guanine hydrochloride is allowed to crystallize 
slowly. It is very insoluble and precipitates almost quantitatively. A few crystals 
of adenine hydrochloride, appearing as sago-like clusters, may also appear at this 
stage, but remain in the mother-liquor on recrystallization. 

The guanine hydrochloride crystals are collected; if they are washed with 
dilute HCl and air-dried, the dihydrate is obtained, but if washed with alcohol 
and oven-dried, the crystals lose their lustre and are converted into anhydrous 
guanine hydrochloride. Pure guanine hydrochloride is obtained by recrystal- 
lizing from 200 ml. 2N HCl. Yield 9-8 g. (oven-dried). 

The filtrates from guanine are now combined and filtered from any precipitate 
that may have formed on standing. The solution is reduced in vacuo to a small 
volume until crystallization begins. Adenine hydrochloride precipitates quickly. 
It is purified by recrystallizing from a small amount of water. Yield 8 g. 

( 486 ) 
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Pyrimidines 

Although synthetic methods of obtaining pyrimidines are simpler, their 
preparation as by-products of nucleic acid hydrolysis deserves consideration. 

From the fraction reserved above for pyrimidine preparation, alcohol is 
removed by distillation. The dark, syrupy residue is taken up in 400 ml. 20% 
HCl and autoclaved at 175° for 2 hr. 

The carbonized mass obtained on autoclaving is leached with hot water. The 
solution is then evaporated to dryness in vacuo to remove excess HCl and the 
residue taken up in 500 ml. water. The amount of H,PO, present is roughly 
calculated from the ‘quantity of nucleic acid used, and Ba(OH), is added in 
excess. NH, is removed by distillation in vacuo. Ba,(PO,), is then removed by 
centrifuging and the excess Ba is removed exactly from the supernatant fluid with 
H,SO,. The resulting solution is concentrated in vacuo until crystallization 
begins. It is then boiled with charcoal, filtered and set aside. Crusty, granular 
crystals of uracil are deposited on the sides of the flask. A second crop is 
obtained by further concentrating the filtrate. Uracil is recrystallized in the 
usual way. Yield about 3 g. 

The filtrates from the above are combined, reduced to 5-10 ml. and several 
volumes of absolute ethyl alcohol are added. Cytosine hydrochloride, which is 
very soluble in water but insoluble in alcohol, is precipitated readily. It is 
recrystallized in the same way from water and alcohol; yield about 2 g. 

The yields of uracil and cytosine are only roughly quantitative and are con- 
sidered low. 

The method outlined has been used successfully in preparing large amounts of 
guanine, and recovering adenine, uracil and cytosine as valuable by-products. It 
is simpler and shorter than methods previously employed. 
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LXVII SYNTHESIS OF 4-(OR 5-) 
CARBAMIDOGLYOXALINE 


By GEORGE HUNTER anp ISYDORE HLYNKA 
From the Department of Biochemistry, University of Alberta, Edmonton, Canada 


(Received 11 January 1937) 


THE preparation from guanine of a substance regarded as 4-(or 5-)guanidino- 
glyoxaline has been reported by one of us: the corresponding carbamido- 
compound was also described [1936]. The synthesis of the latter from 4-(or 
5-)nitroglyoxaline is here reported, and its identity with the previously described 
compound established. The synthesis takes the following course: 


CH—NH CH—NH 


Cc 
~~ oe HNCO 
CH —_ CH ——-> 
; g@ “ g | 
O,N.C——N H,N. N NH,.CO.NH. 2 


I II Itt 


After the failure of several attempts to isolate the aminoglyoxaline (II) from 
the mixture resulting from reduction of (I), it was finally decided to attempt the 
synthesis without the isolation of (II); the reduction mixture was therefore 
treated directly with cyanic acid, in presence of a slight excess of acetic acid, to 
yield 4-(or 5-)carbamidoglyoxaline (III). 

The course of synthesis was readily followed by application of the Koessler 
and Hanke diazo-test. 4-(or 5-)Aminoglyoxaline, like 4-(or 5-)guanidinogly- 
oxaline, yields a methylene blue-like colour when coupled with sodium diazo- 
benzene-p-sulphonate. The carbamido-compound, on the other hand, yields a 
brilliant red. As the condensation progresses, the blue diazo-test is gradually 
replaced by the red. 

The 4-(or 5-)carbamidoglyoxaline is obtainable as a silver salt, insoluble in 
slight excess of Ba(OH),. When the solution, freed from silver, is heated with 
excess of picric acid, a beautifully crystalline picrate is obtained on cooling. The 
pure hydrochloride is obtained as large flat plates and spars, by the usual 
procedures, from the picrate. 

The identity of the substance with that already described is proved by 
analysis and M.P. and mixed M.P. of the hydrochlorides. 


EXPERIMENTAL 


1 g. of 4-(or 5-)nitroglyoxaline [Fargher & Pyman, 1919] was suspended in 
100 ml. methyl alcohol and reduced by shaking in the dark at ordinary tem- 
perature with 50 g. of 3% sodium amalgam.’ The reaction mixture acquired a 
dense blue colour. Reduction was judged complete at the end of 2 hours when a 
small aliquot of the mixture gave a maximum blue colour with the diazo-reagent. 

The solution was decanted from the mercury, made faintly acid to litmus by 
addition of glacial acetic acid and treated with 1-4 g. of pulverized KCNO. It 

1 For the above reduction Na amalgam was found to be more efficient than Al amalgam, 
Zn or Sn and HCl, or catalytic hydrogenation using platinum black as catalyst. 
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was kept in the dark at ordinary temperature with occasional shaking for 3 days. 
At the end of this time the original blue diazo-test was entirely replaced by a 
brilliant red. 

The reaction mixture was centrifuged and filtered in order to remove the 
precipitate and the blue pigment which had been formed. The dark brown 
alcoholic filtrate was evaporated in vacuo and the residue taken up in about 20 ml. 
water. The solution was boiled with charcoal and again filtered. 

The filtrate and washings were made to about 300 ml. with water and the 
solution definitely acidified with 5N HNO,. 10% AgNO, was added to excess as 
shown by the appearance of brown Ag,O when a drop of the filtered solution was 
tested with Ba(OH),. The large precipitate of unknown decomposition products 
carried with it nearly all the pigment from the solution. After standing for 
some time in a refrigerator this precipitate was removed by centrifuging. 
A further small precipitate was obtained by partial neutralization with 10% 
NaOH. The ice-cooled filtrate obtained from the faintly acid solution was now 
treated with hot Ba(OH), to precipitate the silver salt of 4-(or 5-)carbamido- 
glyoxaline. A slight excess only of alkali is necessary for its complete precipitation. 


Care must be taken in the silver fractionation. The appreciable precipitate formed in the acid 
solution tends to adsorb some of the carbamidoglyoxaline. In order to minimize this occlusion, the 
volume of the solution was kept fairly large, the AgNO, solution was added drop by drop to the 
well agitated solution, and NaOH was used instead of Ba(OH), to bring the solution to faint acidity 


to litmus. 


The silver salt was well washed with cold, dilute Ba(OH),, immediately 
suspended in water and the mixture made just acid with H,SO,. The silver was 
removed with H,S in the usual manner. The H,S was removed by distillation in 
vacuo, the solution neutralized by the addition of Ba(OH), and the BaSO, 
removed. The solution was boiled with charcoal and the filtrate reduced in vacuo 
to a volume of about 2 ml. An excess of picric acid was added, the precipitate 
dissolved by heat and crystallization allowed to take place by slow cooling. 
Long robust needles of the picrate were obtained. 

The crystals were collected on a sintered glass funnel and well washed with 
alcohol; yield 0-23 g., M.p. 200°, of crystals contaminated with brown pigment. 
The impurity is not readily removed by recrystallization and no attempt was 
made to obtain the pure picrate at this stage. On the basis of this picrate the 
yield is about 8 % of the theoretical. 

1-23 g. of picrate, collected from various batches as above, were suspended in 
about 30 ml. of water, HCl was added and the picric acid removed by shaking 
with ether. The resulting solution was evaporated in vacuo to a small volume and 
boiled with charcoal. It was then further concentrated to about 3 ml. and 3 vol. 
of absolute ethyl alcohol were added. The hydrochloride crystallized as large flat 
pigmented plates; yield 0-26 g. It was dissolved in about 5 ml. of water, boiled 


with charcoal and recrystallized as above. 0-20 g. of pure 4-(or 5-)carbamido- 
glyoxaline hydrochloride, with characteristic faint pink tinge, was obtainedZ 
M.P. 210°. (Found: N, 34-24, 34-49; Cl, 21-97, 21-87%. C,H,ON,.HCl requires’ {}' 
N, 34-46; Cl, 21-80%. ri 

i+ APR 


A mixture with the compound obtained from guanine had m.p. 210°. 
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LXVIII. THE BEHAVIOUR OF PEPTIDES 
IN AQUEOUS SOLUTIONS 


By MAX FRANKEL 


From the Department of Biochemistry and Colloidal Chemistry, 
the Hebrew University, Jerusalem 


(Received 2 December 1936) 


It has become clear of late that intermolecular forces are important in deter- 
mining some of the characteristic features of the so-called “high-molecular 
substances” both in the solid and in the dissolved (colloidal) state. In the case 
of the gelatin sol, it has been shown by the present author [1927; 1928; 1931, 1] 
that if the temperature at which the gelatin solution is kept is varied from 
10 to 37° the size of the physical unit (the gelatin micelle) is changed, being 
distinctly larger at lower temperature and smaller at higher temperature. These 
changes in the size of the physical unit are reversible, if the change in the 
temperature and the restitution of the original temperature occur within a short 
time interval, but become gradually irreversible if the solution is exposed to 
temperature changes for a longer period. Under these circumstances, apparently, 
the morphological arrangement of the molecules within the colloidal micelle is 
partly upset. The changes involved concern certain physico-chemical properties 
only; the chemical composition remains intact. Our findings, which have been 
confirmed by other authors [Gerngross et al. 1930; Liepatoff & Putilowa, 1934], 
were explained by the assumption that intermolecular forces play a part in the 
formation of the gelatin micelle. These forces are known to be influenced even 
by such slight changes in temperature as, in general, cause no chemical changes. 
The size of the physical unit of gelatin therefore varies according to the 
prevailing temperature and the history—in any case the thermal history—of 
the solution, whilst the chemical molecules remain intact. Such considerations 
are not limited to gelatin, but apply also e.g. to polysaccharides [v. Haworth & 
Hirst, 1936]. Here too a clear distinction must be drawn between the chemical 
molecule and the variable physical unit which is present in solutions. 

In order to gain an insight into the nature of the intermolecular forces of 
proteins, and the action and dependence of these forces upon the size and the 
constitution of the chemical molecule, systematic studies of the various types of 
chemically known building stones of the proteins were undertaken. 

It has already been shown [Frankel, 1930, 1] that intermolecular forces, 
recognizable by the appearance of association in aqueous solutions, come into 
play even in the case of simple «-amino-acids, such as glycine (confirmed by 
Cann [1932]; cf. also Hoskins et al. [1930]), arginine and others; though it was 
clear that association is not a common feature of all «-amino-acids. It therefore 
cannot depend exclusively upon the presence of the common structural group: 
-CHNH,.COOH. As regards solutions containing two different amino-acids the 
existence of another type of intermolecular force, which leads to the formation 
in solution of salts between basic and acidic «-amino-acids, e.g. between arginine 
or histidine and glutamic or aspartic acid, was revealed. The necessity of taking 
into account such salt-like linkages in discussing the constitution of proteins, 
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both in the solid state and in the formation of protein micelles, was stressed 
[Frankel, 1931, 2]. Similar conclusions were reached for the keratin fibre by 
Speakman & Hirst [1931 ; 1933], through study of the action of acids on wool, and 
by Astbury [1933] on the basis of X-ray observations. These authors found that 
the salt linkages mentioned above constitute the lateral and longitudinal con- 
nexions between the long peptide chains of keratin which contains enough basic 
and acidic amino-acids to account for such linkages. 

In continuation of previous work, the present paper deals with the behaviour 
of peptides in aqueous solution. On linking different amino-acids to form new 
molecules, several questions arise in regard to the intermolecular forces existing 


in solution. 
(1) How does an amino-acid which exhibits association in pure solution 


behave in this respect: 

(a) when it forms a peptide which contains two or more molecules of this 
amino-acid only; 

(6) when in combination with another amino-acid which itself shows associa- 


tion in pure solution; 
(c) when in combination with another amino-acid which itself does not 


associate ? 

(II) Does increase in length of the peptide chain alone cause an association; 
i.e. do peptides which contain two or more molecules of the same or of different 
amino-acids, neither of which is associated in pure solution, exhibit association ? 

The latter question was provoked by the following consideration. It has 
been suggested [Dunkel, 1928; Meyer & Mark, 1930] that, in homologous series, 
molecular cohesion as a measure of the intermolecular forces in the solid state is 
an additive property, which can be estimated by the summation of the incre- 
ments contributed by the different structural groups of the molecule to the 
evaporation heat. Among the different structural groups contained in organic 
molecules, the group —CO.NH—, which is typical of the peptide linkage, is 
believed to contribute a specially high increment to the molecular cohesion. If 
these considerations can in principle be extended to the dissolved state, peptides 
might be expected to show an association in solution which would increase with 
increasing number of —CO.NH— groups in the molecule, independently of the 
specific properties of the amino-acids which constitute it. 


Methods 


Two methods were used in the experiments to be discussed: the cryoscopic 
and the refractometric. The former needs no special explanation, the well- 
known Beckmann arrangement, with electromagnetical stirring, being used: 
the usual correction was applied for supercooling. The refractometric method 
of investigating association is based on the rule which was experimentally 
demonstrated by previous investigations [Frankel, 1930, 2]. It was there shown 
that a relation exists between the values of the refractive indices of solutions 
of a pure substance in different concentrations and the state of the solute, and 
hence, also, changes in the state of the solute within the investigated concen- 
tration interval. 

The refractive index of a given solution, n,, at given temperature can be 
resolved into the constant refractive index of the pure solvent at the same 
temperature, n,, and the increment of the refraction, A, caused by the dissolved 
substance. Expressing the concentration in g. solute per 100 g. solution, and 
assuming that no change in the molecular state of the solute occurs within the 
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concentration interval investigated, the increment, A, is proportional to the 
concentration, p, as defined above :! 
A=n,—",=P. Ag — — —— — eseeee (1); 

A, being the specific increment of the solute, and denoting the increment of the 
refractive index of the solvent per unit (1 g.) of dissolved substance in 100 g. 
solution. It will be shown elsewhere by the author & Katchalsky that this 
proportionality signifies the observance in this case of the law of mixture. On the 
other hand, if association occurs within the concentration range investigated, 
the observed values for the refractive indices will be lower than those calculated 
from the value of the lowest concentration investigated; in the case of disso- 
ciation, the observed refractive indices will be greater than those calculated. 
These generalizations were inferred from investigations of a considerable number 
of substances of known behaviour with regard to association and dissociation. 
All that is necessary in this method is the determination of the refractive 
indices of solutions of the substance in question in different concentrations and 
the comparison of the calculated values with those found. 

When the solubility of the investigated peptides permitted, both methods 
were used. In all such cases, the dependence of the increase of the refractive 
indices upon the state of the solute was confirmed by the results of the eryoscopic 
measurements. In cases where, owing to lack of solubility or scarcity of material, 
no cryoscopic measurements could be carried out, the optical method alone 
was used. The latter can also be used in the investigation of comparatively weak 
solutions. The measurements were made with a Zeiss dipping refractometer, 
the temperature being kept constant to +0-05° in a water-bath. 


The investigated peptides 


Twenty different peptides, prepared according to known methods, were 
studied. They may be divided into the following groups: 

I. (a) Peptides built up of one species of amino-acid which is associated 
in aqueous solution: glycylglycine, diglycylglycine, triglycylglycine and tetra- 
glycylglycine. 

(6) Peptides built up of two (or more) different amino-acids each of which is 
associated: glycyl-dl-phenylalanine, glycyl-l-tyrosine and diglycylcystine. (The 
three other amino-acids besides glycine are probably associated as will be seen 
later.) 

(c) Peptides containing both associating and normal (i.e. non-associating) 
amino-acids: glycyl-dl-leucine, dl-leucylglycine, dl-alanylglycine, diglycyl-l- 
leucine, dl-leucylglycylglycine, dl-leucyl-l-tyrosine and di-dl-leucyleystine. (The 
last two peptides probably, but not certainly, belong to this group.) 

II. Peptides built up of amino-acids which do not associate singly in solution : 
the di-, tri- and tetra-peptides built of dl-alanine units; the di- and tri-peptides 
of dl-leucine and prolyl-dl-alanine. 


Discussion and results 


I. (a) Peptides built up of an amino-acid unit which is associated in aqueous 
solution. As mentioned above, glycine was chosen as an example of such an 
amino-acid and the series of its peptides, starting with the dipeptide and ending 


1 It should be noted that this regularity does not appear if the concentration is expressed in 
other terms than those stated above. As most authors have used other expressions for the con- 
centration (e.g. g. or mol. per unit volume of the solvent or the solution), equation (1) has been 
overlooked. 


31—2 
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with the pentapeptide, was investigated. The solubility of the first two com- 
pounds of this series permitted freezing-point determinations, as well as re- 
fractometric measurements. With the higher peptides, the optical method only 
could be used. The results are summarized in Table I (refractometric measure- 


ments) and Table II (cryoscopic measurements). 









Table I. Refractometric measurements of solutions of glycine peptides in 
different concentrations 


























Refractive index Difference 
g. solute pe x 10° R.1. 
in 100 g. Found Calculated calculated — 
solution Phase Ries :0 found 
Glycyl- H,O 33230 _ = 
glycine 0-4017 34054 — 
a 1-5989 36319 36504 18-5 
2-3901 37849 38152 30-3 
5-5020 43918 44520 60-2 
Diglycyl- H,O 33083 -- — 
glycine 0-3322 33736 -- — 
t=19° 0-5029 34046 34070 2-6 
0-9997 34982 35048 6-6 
1-3932 35705 35821 11-6 
3-0498 38865 39077 21-2 
4-0550 40776 41054 27-8 
Triglycyl- H,O 32966 = — 
glycine 0-2761 33523 — at 
t=20-4° 0-3509 33592 33674 8-2 
0-9094 34701 34801 10-0 
1-3599 35472 35710 23-8 
2-7040 37927 38422 49-5 
Tetraglycyl- H,O 32810 = _ 
glycine 0-06267 32939 ae = 
¢=22° 0-1264 33052 33070 1-8 
0-1613 33091 33142 5-1 
0-4184 33550 33670 12-0 
0-6268 33970 34100 13-0 





Table II. Cryoscopic measurements of glycylglycine and diglycylglycine in 
various concentrations 













g. solute Mol. 


















in 100 g. weight 

H,O found 

Glycylglycine; mol. weight 9-077 146-8 
calculated: 132-08 7-564 144-4 
6-483 143-9 

5-988 143-4 

3-010 134-0 

2-150 132-0 

Diglycylglycine; mol. weight 5-387 205-9 
calculated: 189-11 4-310 203-5 


3-078 197-4 








All these peptides showed association in aqueous solution. The cryoscopic 
measurements carried out with glycine [Frankel, 1930, 1] and now with 
glycylglycine and diglycylglycine allow a comparison of the degrees of association 
(expressed as the association factor) of these three compounds which differ in 
the size of their molecules. Fig. 1 shows clearly that, with theoretically equimolar 
concentrations, the degree of association increases with increasing size of the 


molecule. 
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(6) Peptides built up of different amino-acids each of which is associated 
in its pure solution. No definite proof exists as to the association of tyrosine, 


Association factor 


9. bo “S10 2 
Millimols per 40 ml. solution 


Fig. 1. Dependence of the association of glycine, glycylglycine 
and diglycylglycine on the molar concentration. 


Table III. Refractometric measurements of glycyl-|-tyrosine, diglycyleystine 
and glycyl-dl-phenylalanine in different concentrations 


Refractive index Difference 
g. solute re x 10° R.1. 
in 100 g. Calculated calculated — 
solution “3 . found 
Glycyl- H,O 
l-tyrosine 0-2523 
#=26° 0-3197 33091 33113 
0-8301 34076 34217 
1-2415 34877 35107 
2-4712 37430 37769 
Diglycyl- H,O 32518 _ 
cystine 0-2918 33130 —_ 
$=25° 0-3705 33246 33295 
0-9602 34350 34532 
1-4362 35244 35530 
2-8550 37849 38505 
Glycyl-dl- H,O 32192 -— 
phenyl- 0-2568 32791 — 
alanine 0-3261 32889 32952 
t=27-9° 0-8456 33989 34165 
1-2659 34896 35147 
2-5207 37695 38082 


cystine and phenylalanine, as their very slight solubilities preclude measure- 
ments. One must therefore rely on inferences drawn from closely related 
compounds in classifying these acids: e.g. dinydroxyphenylalanine, which differs 
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from tyrosine by an additional hydroxy] group, is strongly associated [Frankel, 
1930, 1]. For the three peptides grouped under this heading, the refracto- 
metric measurements (cf. Table III) indicate association. 

(c) Peptides built out of two different amino-acids, only one of which shows 
association. In this group, seven different peptides (listed above) were in- 
vestigated, four of them by both the cryoscopic and the refractometric methods, 
the remaining three (owing to insufficient amount at our disposal) by the latter 
method only. The associating amino-acids contained in these peptides are glycine, 
tyrosine! and cystine ;! the non-associating amino-acids, alanine and leucine. As 
will be seen from Tables IV and V, which present the results of the cryoscopic 
and refractometric methods respectively, both methods gave consistent results: 
the molecular weights found for each peptide are practically identical with the 
calculated values, and remain constant within the investigated concentration 


Table IV. Refractometric measurements of glycyl-dl-leucine, diglycyl-|-leucine, 
dl-leucylglycine, dl-leucylglycylglycine, dl-alanylglycine, dl-leucyl-|-tyrosine 
and di-dl-leucylcystine 

Refractive index Difference 
g. solute x 10° R.1. 
in 100 g. Calculated calculated — 
solution : Peas ates found 


Glycyl- H,O ~— 
dl-leucine 0-4123 33837 — 
t=19-5° 1-5835 36033 36067 

3-1730 39074 39093 

Diglycyl- H,O 32020 _— 
l-leucine 0-2757 32502 —_ 
t=29-5° 0-3501 32642 32628 

0-9075 33596 33603 
1-3582 34497 34391 
2-7032 36865 36746 


dl-Leucyl- H,O 33122 -= 

glycine 0-4242 33900 — 
t=18-6° 1-5903 36014 36038 
3-2368 39055 39057 


dl-Leucyl- H,O 32374 — 
glycyl- 0-2641 32857 _ 
glycine 0-3354 32978 32987 
=26-4° 0-8697 33970 33968 
1-3020 34740 34755 
2-5938 37115 37116 


dl-Alanyl- H,O 32529 _ 
glycine 0-2492 32986 — 
t=25° 0-3164 33122 33107 
0-8202 34008 34028 
1-2277 34748 34773 
2-4434 36974 36995 


dl-Leucyl- H,O 32517 — 
l-tyrosine 0-2341 32954 — 
#=25° 0-2972 33044 33072 
0-7709 33970 33956 
1-1543 34720 34672 
2-3021 36917 36811 


Di-di-leucyl- H,O 31960 = 
cystine 0-2201 32370 — 
t=30° 0-2795 32463 32480 

0-7246 33295 33310 
1-0847 33970 33980 
2-1598 35976 35983 
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Table V. Cryoscopic measurements of glycyl-dl-leucine, dl-leucylglycine, 
dl-leucylglycylglycine, and dl-alanylglycine 
















g. solute Mol. 
in 100 g. weight 

H,O found 

Glycyl-dl-leucine; mol. 9-248 185-0 
weight calculated: 188-4 is 185-7 
5-1377 189-4 

dl-Leucylglycine; mol. 2-500 184-1 

weight calculated: 188-4 

dl-Leucylglycylglycine; 8-0948 244-5 
mol. weight calculated: 6-2971 245-0 
245-17 5-6674 246-8 
dl-Alanylglycine; mol. 8-0233 147-3 
weight calculated: 146-1 6-2426 146-9 
5-1075 146-5 







3°7455 146-1 








interval; the refractive indices for the different peptide solutions in different 
concentrations are practically the same as the calculated values, and thus 
indicate that no changes occur within the limits of these concentrations. In the 
cases in which refractometric measurements only were carried out, the optical 
method likewise revealed a practical identity between calculated and observed 
refractive index values. All these results show that peptides obtained by linking 
an associating with a non-associating amino-acid exhibit normal behaviour in 
solution, i.e when an associating amino-acid enters into a peptide together with 
a non-associating amino-acid, the association of the former is entirely suppressed. 

The fact, that unlike the corresponding compounds with glycine, leucyl- 
tyrosine and dileucyleystine do not show association may, in view of the experi- 
mental evidence that glycine is associated and leucine is not, be regarded as an 
additional indication that tyrosine and cystine themselves belong to the asso- 
ciating amino-acids. 

II. Peptides built wp only of amino-acids which do not associate. In previous 
work, it was found [Frankel, 1930, 1, 2] that alanine and leucine were “‘normal” 
amino-acids. These acids were mainly used to build up the peptides which were 
tested. 

The dl-series, alanine, alanylalanine, dialanylalanine and trialanylalanine 
was investigated for the purpose of finding out whether repetition of the 
—CO.NH— group causes the phenomenon of association in a peptide which 
is entirely built up of non-associating amino-acids. With higher alanine 
peptides, the investigation becomes impossible as they are insoluble. Table VI 
gives the results of the refractometric method for the series of alanine peptides; 
the calculated and found values all agree closely. None of the peptides shows 
signs of association, although the number of —CO.NH— groups and the size 
of the molecule are both increased. It can therefore be safely stated that, in the 
case of the dissolved state, simple repetition of the —CO.NH— group does not 
itself cause association. Analogous results are furnished by the investigation of 
the series leucine, leucylleucine, and dileucylleucine (cf. Table VI and previous 
results [Frankel, 1930, 1]). Here, too, the investigation is limited by the insolu- 
bility of the higher peptides. The di- and tri-peptides built up by dl-leucine, like 
the amino-acid itself, are not associated. Prolylalanine is another example of a 
dipeptide containing two different amino-acids, neither of which is associated. 
This dipeptide, too, is normal in solution. Table VII gives the molecular weights 
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Table VI. Refractometric measurements of solutions of alanine peptides, of 
leucine peptides and of prolylalanine in different concentrations 


Refractive index Difference 


g. solute ——. 0s x 10° R.1. 
in 100 g. Calculated calculated — 


solution found 


dl-Alanyl- H,O 
dl-alanine 0-2696 
$=30° 0-3423 32580 
0-8874 33580 33559 
1-3279 34358 34350 
2-6430 36748 36716 


Di-dl--'anyi- H,0 32517 _— 
dl-aianine 0-2733 33001 — 
#=25° 0-3471 33122 33126 

u°8995 34084 34097 
1-3465 34857 34901 
2-6788 37259 37262 


Tri-dl- H,O 32306 — 
alanyl-dl- 0-2726 32783 —_ 
alanine 0-7071 33496 33543 
t=27° 1-0589 34141 34159 

2-1107 35984 35999 


dl-Leucyl- H,O 32615 _— 
dl-leucine 0-1105 32810 — 
=24° 0-1404 32849 32863 
0-3643 33200 33258 
0-5457 33580 33579 
1-0890 34545 34536 


Di-dl-leucyl- H,O 32521 — 
dl-leucine 0-2349 32927 _— 
#=25° 0-2984 33056 33037 

0-7751 33861 33860 
1-1620 34529 34530 
2-3240 36534 36537 

Proly]-dl- H,O 32192 — 
alanine 0-2735 32697 — 
t=25° 0-3473 32810 32833 

0-9005 33853 33854 
1-3478 34662 34680 
2-6835 37164 37144 


Table VII. Cryoscopic measurements of dl-alanyl-dl-alanine 
and dl-leucyl-dl-leucine 


g. solute Mol. 
in 100 g. weight 
H,O found 


dl-Alanyl-dl-alanine; mol. 6-8883 153-2 
weight calculated: 160-11 5°3575 156-2 
4-3834 154-1 

3-7091 156-8 


dl-Leucyl-di-leucine; mol. 0-7807 242 
weight calculated: 244-2 


found for dl-alanyl-dl-alanine, and for dl-leucyl-dl-leucine; the results are con- 
sistent with those of the refractometric method and show normal behaviour. 
The experiments noted under I (a), on the other hand, prove that peptide 
molecules of the same or even smaller size will exhibit association if the amino- 
acids of which they are composed show association themselves. 
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SUMMARY 


1. A number of peptides have been investigated, either by cryoscopic and 
refractometric measurements jointly, or by the latter method alone, as regards 
association in aqueous solution. 

2. Peptides, which are built up of associating «-amino-acids only, show 
association in solution. Cryoscopic measurements of glycine and its di- and 
tri-peptides show an increasing association with increase in size of the peptide 
molecule. 

3. Peptides built up both of associating and non-associating amino-acids 
are not associated in solution. 

4. With a peptide series containing non-associating amino-acids only, no 
support was found for the assumption that simple enlargement of molecular 
size and repetition of the —CO.NH— group, typical of the peptides, could 
induce a tendency of the molecule to associate in solution. Such a tendency in 
fact exists, however, if the «-amino-acids building up the peptides themselves 


possess this property. 


The author is indebted to Mr. A. Carmi who collaborated with him in the 
execution of part of the measurements. 
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SoME years ago we used to test the urine from men for comb growth-promoting 
substances by extracting it with benzene and by determining the growth of the 
comb of capons produced by such extracts. The amount found varied from more 
than 12 to less than 4 units per litre of urine, the average being 4—6 units per I. 
(The unit is 2/8 of the quantity which, when divided into 8 portions of which 
2 portions are injected daily on 4 consecutive days, causes an increase of the comb 
surface of more than 15% in the majority of capons used for one experiment; 
ef. Freud e¢ al. [1932] and Gradstein [1935].) 

Unpublished experiments carried out in this laboratory by K. David have 
proved that the response of capons to the comb growth-promoting preparations 
shows seasonal variations. The sensitivity is low during March, April and May, 
but remains constant for the rest of the year. The experiments described in this 
paper, with few exceptions, were carried out during the winter months. During 
the past 18 months we have always controlled our test by comparing the result 
with the effects of equivalent quantities of pure androsterone on 6 capons. 

Our unit has approximately the same effect as 0-1 mg. of androsterone, which 
amount is accepted as 1 international unit of male hormone. The comb growth- 
promoting potency of an extract was the same, whether the urine was faintly 
acid or faintly alkaline during the extraction, and alkaline extraction which 
yields a smaller dry residue was adopted by preference. 

The urine was sometimes used fresh but was more often kept for some days, 
during which time it had become more or less alkaline. Funk et al. [1929] noted 
that extraction of highly acidified urine gave a better yield than extraction of 
neutral or weakly acid urine. According to Gallagher & Koch [1934] shaking 
with strong acid increases the yield. Adler [1934] obtained 27-40 units of comb 
growth-promoting potency per 1. by benzene extraction of strongly acidified 
male urine. He found that a physiologically inactive extract could be obtained 
with butyl alcohol, and that by subsequent heating with strong acid, the inactive 
extract could be converted into a potent material, which promotes the growth of 
the comb of capons. 

Very recently Callow [1936] stated in a short preliminary note that by 
extracting strongly acidified urine from normal men and women, 26 and 29 
international units respectively per 1. of urine were obtained. We found that 
extraction of acid-hydrolysed human male urine by the method described below 
usually yielded 30-50 units per 1., although as little as 15 and as much as 170 
units were occasionally obtained. Human female urine similarly gave an average 
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of 40 units per 1. By treatment of neutral urine with boiling benzene or trichloro- 
ethylene not more than 2-12 units could be extracted from a quantity which 
was known to contain 30-50 units per 1. 

The following method of extraction was used. 

1-2 1. of urine, or more if required, were neutralized with HCl. (When urine 
of one individual was tested, the total urine passed during 4 days was usually 
used.) The urine was treated with 150 ml. of 25% HCl per 1., and then heated 
on the water-bath under reflux for 6 hours with one-third to one-half of its 
volume of benzene or alternatively trichloroethylene. The extraction was 
repeated with a similar volume of fresh solvent for the same time. The combined 
extracts were repeatedly washed with water until the last portion of water was 
neutral. The solvent was evaporated and the residue taken up in 10 ml. of 
benzene. The benzene solution was taken up in oil and the benzene removed 
with a current of air. This solution in oil was injected into capons. 

The active form of comb growth-promoting substances of urine may be 
readily separated from the inactive one by extraction of the neutral urine with 
benzene. After benzene extraction the urine is reduced in volume, treated with 
alcohol and filtered. The benzene fraction contains the active, and the alcoholic 
filtrate, the inactive substances; the latter may be rendered physiologically 
active by treatment with strong acid. 

It is not certain that active substances are excreted at all by the kidneys; 
perhaps the first slight conversion of the inactive precursors occurs in the bladder. 
(The comb growth-promoting substances in the testes seem only to occur in the 
active form, for the same quantity of hormone is extracted whether the extraction 
is carried out from neutral or acid solution.) 

Urines from men and women were treated with varying amounts of HCl, 
and then extracted by the method as described, in order to find the concen- 
tration of acid which gave the best yield. These experiments are shown in 
Table I. 

Table I 


Without After addition of 25% HCl per 1. urine 
addition eee eee 
Exp. Sex of acid 20 ml. 50 ml. 150 ml. 300 ml. 


1 ‘ <10 units 30 units 30 units 40 units 40 units 
2 2s, 20-30 ,, 40 ,, SO. a: 5 
3 ; <10 ,; 30 “ss 30 (Cs, 40 ,, ae 


In Exp. 1 the maximum yield was reached after the addition of 150 ml. of 
HCl, in Exp. 2 after addition of 50 ml. of acid. In Exp. 1 the urine, which had 
been treated with 300 ml. of HCl per 1. and extracted, was then treated with a 
further 300 ml. of 25°% HCl and then again extracted twice for 6 hours with 
boiling trichloroethylene, but no more active material could be recovered. The 
maximum yield from the female urine was attained by addition of 150 ml. 25% 
HCl per 1. In other experiments one portion of urine was extracted after treat- 
ment with 70 ml. 25° HCl per |. and another portion of the same urine was 
extracted after treatment with 300 ml. 25°% HCl per 1. In all these experiments 
no more active material was extracted from the more strongly than from the 
less strongly acidified urine; within the experimental error the yields were the 
same. 

The following experiment shows that the addition of less than 20 ml. of 
25% HCl per |. of urine distinctly increased the yield compared with that 
obtained by extraction from neutral solution. Three portions of mixed urine 
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from men collected during 2 days were extracted with hot benzene, one without 
the addition of HCl, another after being made acid to Congo red and the third 
after the addition of 150 ml. of 25° HCl per 1. The results are given in Table II. 


Table IT 





Without addition Acid to After addition of 
Exp. of acid Congo red 150 ml. of 25% HCl 
202 <8 units 30 units 100-80 units 
204 CB gs 123 ,, 8 & 








In the first of these two experiments about 30% of the inactive substances 
had been activated in the urine made acid to Congo red; in the second experiment 
about 20°% had been activated. Sometimes it may happen that activation by 
acid does not proceed in urine made acid to Congo red; in such cases even after 
prolonged heating no appreciable increase in the yield occurs. 

The following experiment shows that the inactive fraction is easily hydro- 
lysed. One portion of a sample of male urine was extracted 3 times under reflux 
with boiling benzene for 4 hours. The combined benzene extracts contained less 
than 4 units of comb growth-promoting material per 1. of urine extracted. The 
residue from the benzene extraction was now extracted after being strongly 
acidified and yielded 35 units per 1. Another portion of the same sample of 
urine was autoclaved for 5 hours at 10 atmospheres and then extracted without 
acidification 3 times for 4 hours with boiling benzene. The benzene extract 
contained 25 units per |. of urine. By extracting the residue after strong acidifi- 
cation less than 10 units per |. of urine were obtained. Therefore by heating the 
neutral urine at 10 atmospheres the benzene-insoluble inactive substances were 
almost completely converted into the benzene-soluble form with some loss, 
perhaps due to decomposition. 

Other experiments have shown that the comb growth-promoting extracts 
soluble in fat solvents give no better yield when the urine is kept, as is the case 
with oestrogenic extracts from urine. 

By extraction of fresh male urine without acidification 7 comb growth units 
per 1. were obtained. A portion of the same urine kept for 4 weeks and ex- 
tracted in the same way gave similarly 7 units per I. , 

For quantitative estimation of the potency of extracts no material advantage 
was derived from purification. It may be mentioned however that considerable 
purification was obtained by shaking the benzene extract with a 10% solution 
of KOH, all the active material remaining in the benzene layer. 

It may be seen from Table III that comb growth-promoting substances were 
found in almostevery urine examined. Healthy men of 20-34 years of age excreted 
an average of 40-50 units per I. of urine, the values varying from 15 to 170 units 
per 1. In spite of the smaller number of urine samples tested, it may be con- 
cluded, however, that women’s urine also during the active sexual period 
contains a quantity of comb growth-promoting substances similar to that of 
men’s urine. Boys and girls of 5 years of age excrete 5-15 units per 1. At 
puberty the excretion rises to the value found in adults during the active sexual 
period. Old and senile men also excrete the hormone, but, as is shown in 
Table ITT, to a less extent than middle-aged men. Old women excrete 5-10 units 
per |. of urine. Pregnant women, and women | year after ovariectomy excrete 
detectable quantities of comb growth-promoting material. 

The regularity with which comb growth-promoting material is excreted by 
human beings of both sexes at varying ages suggests its alimentary origin. The 
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Table III. The comb growth-promoting and oestrogenic substances of human 
urine from males and females of varying ages 


U./l.=units per |. of urine. U./T.=units per day 


The figures not bracketed are the numbers of comb growth-promoting units per 1. and the 
bracketed figures are the numbers of oestrogenic units found. The oestrogenic potency is expressed 
in international units, the unit being the quantity giving the oestrogenic effect of 0-1 y oestrin. 


A. Males 
Various mixed urines No. 1 10 12 15 H.62 17 106 116 120 202 


from 10to20men Ss yj, 300r 20 30 2 45 35 50 40 50 80 
more 


From results of N. V. Organon, mixed urine from +200 men, in many 1000 L.; 
Urines from individual average yield U./l.= +40 
males of 20-34 years 
of age No. mn Fy C2 KEK HE EI Bbieéd. D 


U/l. 3540 45 15 20 60 4170 130 50 80 70 
UE. 20 90 225 145 65 80 70 
Urines from boys 5-15 
years of age No. L. v.d.L. M. D. 8. K, 
U./l. 8 15 30 é 10-14 20 
U./T. 8 9 30 50 +6 — 
Age 10 15 14 14 14 5 


Mixed urine from boys of 5 years of age: 15 units per I. 
Urine from very old Pa. 92 years of age: <15 units per 1. (50) 
men (senile) No. Gr. I Gr. II VGH. vid. Ee vid. H.W 
Age (years) 80 80 79 79 79 
U/l. 35(<25)  50(25)  <20(250) 5 (100) <20 (20) 
U,/T. 40 45 — 


Urine from men 59-67 


years of age No. We. I We. II Di. Kr.I Kr. II Kr. Ill 
Age (years) 59 59 67 66 66 66 
U./l. 40(>200) 5(125)  30(30) 15(10) 12 12 
U./T. 40 5 35 15 7 2 


B. Females 


Mixed urines No. ll 13 16 18 113 
U./l. 45 50-60 75 70 40 


Urine from individual females No. W.I W.II Me. B.I B.IT W.TL S. vd. K. 
of 20-26 years of age U/l 15 17 70 60 4050 16 60 30 60-65 
U./T. 223 21 — 65 55-70 20 45 20 65-70 
Girls No W.5 L.5 L.5 
Age (years) 12 14 14 
U./1. 12 10 12 
U/T. 12 5 8 


Mixed urine from girls of 5 years of age: 5 units per I. (50) 
Urine from old women No. Ch. L. Ma. Ma.I Ma.II Ma. III 
Age (years) 65 67 72 72 72 72 
U./l. 10(10) =7(75) +11(80) <5 <13 <9 
Ufe. — 11 -— aa == 
Urine from pregnant women 
(6-8 months pregnant) No. K. de J. Ww. 
U./I. 8 30 25 
U./T. 8 45 16 
Urine from women | year after 
ovariectomy No. K.I Kr. Mu. 


U./l. 9(<10) 12(<10) <6(60) 
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results given in Table IV, however, make it unlikely that such is the case. The 
active material in the urine of 2 old men, fed on exactly the same food, was 
estimated over a period of 2 months. 


Table IV 


Units of male sex hormone in urine of 


c 
Period during de Kr., 87 years of age Fr., 79 years of age 


which urine — ren 
was collected Per I. Per day Per 1. Per day 


18-20. ix 30 (75) 22-5 as 
22-95. ix 25 (135) 19 soe on 
26. ix.-3. x 40 wd <10 (20) 

4-8. x _ mn < 8 (40) 5 
9-12. x 20 10 < 8 (75) 5 
13-16. x 15 15 se 
17-20. x 15 10 
23-28. x. 15 10 
29. x.-2. xi 30 25 
3-6. xi 20 15 
7-11. xi 40 20 
12-15. xi 30 (70) 10 
16-19. xi 25 (90) 17 
20-23. xi 20 (60) 15 


<3 
<6 
<5 
<5 
(50) <6 
2 (50) <8 
50) <5 


— 


AAAAAAAA 

SmWweonmwas 
a 

= 


The figures in brackets are the oestrogenic activities of the urines in international units. 


Table IV shows that the comb growth-promoting material excreted by de Kr., 
87 years of age, was 10-25 units daily, the urine being collected as a rule over 
periods of 3-5 days. The tests in the urine of Fr., 79 years of age, carried out 
on the expectation of a content of 8-10 units per |., yielded completely negative 
results, so that probably there was no active material present at all. 

A further series of experiments was carried out to determine if the excretion 
of comb growth-promoting substances varied during the menstrual cycle in 
women. The urine from a 21-year-old normal woman was collected in 5-8 days’ 
portions over a period of 1} months. The results are tabulated in Table V. 


Table \ Units of comb growth- 
promoting substances 
Es 
Date Times during which urine was collected Per I. Per day 


12-17. vi 12-7 days before onset of menstruation 35 42 
17-24. vi 7-1 days before onset of menstruation 15 20 
24-29. vi 5 days during menstruation 35 35 
29. vi-7. vii 24-16 days before onset of menstruation 55-60 55-60 
7-15. vii 16-8 days before onset of menstruation 15 15 
15-23. vii 8-1 days before onset of menstruation 30 224 


ARAAAR A 
cmotoe 9 


The highest excretion of comb growth-promoting substances occurred 
during the post-menstrual period. It would be necessary, however, to carry 
out further experiments before expressing definite views about the excretion of 
comb growth-promoting material during the various phases of the genital cycle 
in healthy women. 

A similar experiment was carried out with a healthy man. The excretion of 
comb growth-promoting substances in the urine was estimated regularly during 
13 months. The results are given in Table VI. 

No cyclic variations could be recognized in the comb growth-promoting 
material excreted by this man. 
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Table VI 
Date ... 3-4. vi 5. vi 7. vi 12-13. vi 14-15. vi 17-18. vi 
No. of units: 
Per 1. 40 3 70 70 70 100 
Per day 30 3: 50 60 65 80 
Date ... 20. vi 22. vi 24. vi 25-26. vi 28-29. vi 3. Vii 
No. of units: 
Per I. 40 j +70 30 80-100 >40 
Per day 35 BE +55 50 64— 80 >40 
Date ... 7-8. vii 9. vii 10-11. vii 15-16. vii 17. vii 18. vii 
No. of units : 
Per |. 30 f; 50 <50 60 60 
Per day 30 é f <45 60 60 


The urines of several animals were tested, but the quantities of active 
substances found were never of the same order as those present in the urine of 
human beings. The urines from 5 male dogs, one gelding, one mare and two 
pregnant mares were examined. Tests which would have shown the presence of 
5 units per 1. were completely negative. 

Recently, Kober, in the research laboratories of Organon, Oss (unpublished 
experiments) found 1 unit per |. of urine, by working up large quantities of the 
urine from pregnant mares. 

The bloods of both steers and cows always contained less than 1 unit of 
comb-augmenting material per 1. Human blood contained less than 20 units 
per |. 

The behaviour of the lipoid-insoluble comb growth-promoting substances 
towards alkali is very different from that of lipoid-insoluble oestrogenic sub- 


stances. The lipoid-insoluble fraction of oestrogenic substances is saponified by 
alkali to yield the lipoid-soluble active extract; the lipoid-insoluble comb growth- 
promoting substances in urine remain lipoid-insoluble and inactive after the same 
treatment. The course of a few experiments with male urine may make this clear. 


1. Out of a sample of 101. urine 2 1. were heated in the neutral condition with benzene under 
reflux 3 times for 4 hours. The combined benzene extracts were evaporated, taken up in oil 
and tested as usual. This fraction contains the lipoid-soluble comb growth-promoting material 
present in the urine. 7} units per 1. were found. The remainder of the urine was acidified as usual 
to Congo red, then 150 ml. of 25° HCl were added per I. urine and the whole heated under reflux 
with benzene 3 times for 4 hours. The combined benzene solutions were washed with water until 
the last portions of water were neutral. The benzene was evaporated and the residue taken up 
in oil. 50 units per 1. were found after the acid extraction, making 57} units in all. 

2. Out of the same sample of urine 2 1. were heated for 4 hours with 200 g. KOH under reflux, 
then neutralized and heated as usual with benzene under reflux 3 times for 4 hours. 7} units per I. 
were found. The remainder of the urine was divided into 2 parts. To 1 part 150 ml. of 25% HCl 
were added as usual and the whole heated under reflux 3 times for 4 hours. In the benzene 
extract 50 units per 1. were found. The second part (=11.) of the remainder of urine was heated 
under reflux 10 hours longer after addition of 100 g. KOH. After neutralization the urine was 
heated again- with benzene 3 times for 4 hours. Less than 10 units per 1. were found in these com- 
bined benzene extracts. 


This experiment proves that no increase in yield of the lipoid-soluble active 
fraction results from heating the alkaline urine for 10 hours. 

The cause of the low yield under these circumstances cannot be the de- 
struction of the hormone by alkali, because after the alkaline extraction an acid 
extraction with heating gave a yield of 50 units per |., which is the same as that 
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obtained by direct extraction from acid solution without previous treatment 
with alkali. 

The possibility remained that alkaline hydrolysis might still be obtained by 
boiling with alcoholic KOH. The following method was used to investigate this 
possibility. 

44 1. fresh urine from the same sample were heated with butyl alcohol 3 times for 6 hours in 
the neutral condition. The combined butyl alcoholic extracts, after evaporation of the solvent, 
were dissolved in water. The mixture containing the free and lipoid-insoluble active materials 
was heated 3 times for 4 hours with benzene. In the pooled benzene extracts 7} units per 1. were 
again found. The watery residue, amounting only to 150 ml., was divided into 2 parts. One part 
(=50 ml. corresponding with 1} 1. urine) was heated again with strong acid under reflux 3 times 
for 4 hours. In the combined benzene extracts 50 units were found per 1. urine. 

To the other part (=100 ml. corresponding with 3 1. urine) 3 vols. alcohol (300 ml.) were added 
and the mixture was heated after addition of 6 g. KOH for 4 hours under reflux, then neutralized 
and the alcohol was nearly completely evaporated. This last residue was heated with benzene 
3 times for 4 hours under reflux. Less than 7} units were present in the benzene extracts. However 
if the watery residue were treated afterwards with 25% of HCl as usual, 50 units were found again 


per |. urine. 


From these results it is apparent that even with alcoholic KOH no increase 
in yield of comb growth-promoting substances could be obtained. The fact that 
after extraction of the same residue acidified 50° units per 1. were found, again 
confirms the assumption that no active material has been destroyed by the 
treatment with alcoholic KOH. 

All extractions were made on a boiling water-bath. 


SUMMARY 


1. Like the oestrogenic substances, the comb growth-promoting substances 
contained in urine exist in at least two modifications of which the greater part 
is water-soluble and the lesser part fat-soluble. The water-soluble part is con- 
verted into the fat-soluble by treatment with acid, or by heating under pressure 
but not by treatment with alkali. As far as these experiments go only the 
fat-soluble form causes growth of the comb of capons. 

2. On keeping the urine at room temperature the amount of fat-soluble 
active fraction does not increase, in contrast with the oestrogenic substances. 

3. The urine of men up to 40 years of age usually contained 40-50 units 
per l., but the values varied from 15 to 170 units per 1. 

4. The urine of women during the active sexual period contained about 
the same quantity of comb growth-promoting material as did male urine, usually 
30-60 units per 1. 

5. Even after the disappearance of sexual activity, both in men and in women, 
the presence of comb growth-promoting substances was demonstrable in the 
urine. 

6. Similarly boys and girls excrete comb growth-promoting substances in 
their urine before puberty. Boys excrete about 15 units per |., and girls about 
5 units per I. 

7. The urine of women 6-8 months pregnant contained 8-30 units per I. 
of comb growth-promoting substances. 

8. Women 1 year after ovariectomy excreted as much as 12 units of comb 
growth-promoting substances per |. of urine. 

9. It is unlikely that the comb growth-promoting substances found in the 
urine arise, in appreciable quantity, from the food. 
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10. The urine of a healthy woman examined during two succeeding men- 
strual periods showed an increased comb growth-promoting potency during the 
post-menstrual period. No cyclic type was apparent in the variations in the 
urinary excretion of comb growth-promoting substance in a healthy man whose 
urine was examined regularly during 1-5 months. 
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Note added 8 March 1937. Quite recently Kochakian [1937, Endocrinology, 
21, 60] describes “‘male hormone’”’ estimation in the urine of males. His results 
are not comparable with ours on account of his different method of assay 
without comparison with 0-1 mg. androsterone (the international unit). 
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SzENtT-Gy6rRGYI [1931] reported an enzyme in cabbage leaf which was capable 
of oxidizing vitamin C. Tillmans e¢ al. [1932] found that the titration values of 
cucumber extract increased after treatment with hydrogen sulphide. Zilva 
[1934] made a similar observation on apple juice and found that the juice was 
capable of reversibly oxidizing the ascorbic acid of lemon juice. Ahmad [1935] 
reported that cut or shredded vegetables lost their vitamin C content in a short 
time. McHenry & Graham [1935] confirmed Ahmad’s finding that minced 
vegetables lost their vitamin C, but showed that this could be restored by treat- 
ment with hydrogen sulphide. They concluded that vegetable pulp had no 
stabilizing mechanism for ascorbic acid. In their opinion, part of the increase 
noted on boiling certain vegetables was due to hydrolysis of ascorbic acid 
“‘esters”’. 

Van Eekelen [1935], on the other hand, contended that the apparent increase 
of vitamin C on boiling potatoes is due to the inactivation of an enzyme which 
normally oxidizes ascorbic acid. 

Tauber et al. [1935] isolated an enzyme from the pericarp of Hubbard squash 
and determined many of its properties. This enzyme has the property of im- 
mediately reversibly oxidizing ascorbic acid. The optimum temperature is 37° 
and the optimum pH 5-6. The enzyme showed different properties from Szent- 
Gyorgyi’s cabbage enzyme. 

Guha & Pal [1936] found that cabbage extracted with absolute alcohol and 
anhydrous sodium sulphate gave a higher value for vitamin C than by ordinary 
extraction. On extraction with ether and anhydrous sodium sulphate, no titration 
value was found. However, on heating the dry extract with water, a considerable 
vitamin C value was obtained. It was concluded that no enzyme takes part. 
but that the alcohol and ether extract an ascorbic acid ester, which is hydrolysed 
by heating with water. 

Mack [1936] could not confirm Guha & Pal’s results. He pointed out that 
absolute alcohol and ether would inactivate an enzyme and thereby prevent 
oxidation of the ascorbic acid. He showed that by extraction with sufficiently 
strong acid, or absolute alcohol, the true vitamin C value of the foodstuff is 
obtained. He found that the enzyme of cabbage was only partially inhibited 
even by N sulphuric acid. It was concluded that even though there may be a 
small increase on boiling due to the liberation of bound ascorbic acid, the effect 
was mostly due to the inactivation of the enzyme. 

Levy [1936], testing the views advanced by McHenry & Graham, treated 
aqueous cauliflower extracts with both trichloroacetic acid and metaphosphoric 
acid and filtered. He then treated the filtrates with hydrogen sulphide and 
found that they showed far less ascorbic acid than those not treated with acid. 
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He then boiled aqueous cauliflower extracts and found that they suffered a large 
loss of ascorbic acid. He concluded that both the liberation of bound ascorbic 
acid and the inactivation of the enzyme take part in the apparent increase of 
ascorbic acid obtained on boiling these vegetables. 

Srinivasan [1936] has isolated an oxidase from the expressed juice of drum- 
stick pods (Moringa pterygosperma), which he considers to be specific for ascorbic 
acid. 

The present investigation was divided into two parts: 

A. An attempt to demonstrate either the presence or absence of an ascorbic 
acid oxidase in several fruits and vegetables. 

B. A quantitative investigation of the activity of the enzyme found in 
cucumber. 


A. OCCURRENCE OF ASCORBIC ACID OXIDASE IN FRUITS AND VEGETABLES 


The fruits and vegetables listed below were treated as follows. 

(1) A sample was weighed out and immediately ground with acid-washed 
sand and 10% metaphosphoric acid. The ascorbic acid was then determined by 
indophenol titration in the usual manner. 

(2) A sample was ground in a mincing machine, the shredded pulp allowed 
to stand 5 min. and the juice expressed through muslin. 

(a) The ascorbic acid content of the juice was determined as before. 

(6) 5 ml. of the juice were treated with 5 ml. metaphosphoric acid (10%) 
to inactivate any enzyme, and then with hydrogen sulphide for 15 min. The 
flasks were stoppered and allowed to stand overnight. They were then treated 
with carbon dioxide until the escaping gas did not react with moistened lead 
acetate paper. The ascorbic acid content was then determined. 

(c) 5 ml. of the expressed juice and 4 ml. of water were added to 1 ml. orange 
juice (pH 5-6) and the mixture heated for 10 min. at 37°. The ascorbic acid content 
was then determined to see if any enzymic reaction had taken place. Orange juice, 
as will be shown later, has no oxidase and suffers no loss of ascorbic acid on heating 


for 10 min. at pH 5-6 at 37°. 
Results 


Table I 


Ascorbic acid content 

ee 
Meta- Juice 

phosphoric after Action 

acid hydrogen on 

extraction Juice sulphide orange 

Fruit or vegetable mg./g. mg./ml. mg./ml. juice* 
Banana 0-06 0-01 0-08 
Cabbage 0-60 0-01 0-22 
Cantaloupe (Spanspek) 0-53 0-52 0-50 
Carrots 0-24 0-04 0-23 
Cucumber 0-10 0-005 0-13 
Lettuce 0-22 0-26 0-25 
Lucerne 2-20 2-30 2-25 
Marrow (vegetable) 0-07 0-01 0-08 
9 Onion 0-06 0-09 0-09 
10 Peas (fresh green) 0-20 0-31 0-31 
11 Potato 0-19 0-01 0-27 
12 Spinach 0-75 0-79 0-76 
13 String beans 0-19 0-02 0-16 
14 Water melon 0-07 0-06 0-06 

* + indicates ascorbic acid of orange juice oxidized. - indicates ascorbic acid of orange 
juice not oxidized. 
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It will beseen from Table I that bananas, cabbage, carrots, cucumber, vegetable 
marrow, potato, and string beans lose practically all their indophenol-reducing 
power on mincing, while the others, cantaloupe, lettuce, lucerne, onion, green 
peas, spinach, and water melon do not. The higher ascorbic acid contents of some 
of the juices were due to their being more concentrated than the whole vegetable 
in soluble constituents. 

Those vegetables which lose their reducing power on mincing can also 
destroy the reducing power of orange juice, while the others cannot. All the 
juices which lose their reducing power can be brought back to normal by the 
hydrogen sulphide treatment outlined above. (Except cabbage, the enzyme of 
which, as noted by Mack, is not completely inhibited by dilute acids.) 













B. THE ACTIVITY OF CUCUMBER JUICE 






(1) Cucumber juice was mixed with orange juice [cf. Zilva, 1934] containing 
0-40 mg. ascorbic acid per ml., in the proportions noted in Table II. The pH 
was 5-6, and the mixtures were heated at 37° for 10 min. 






Table II. The effect of cucumber juice on the ascorbic acid content of orange juice 


Conditions of experiment: pH, 5-6; temperature, 37°; time, 10 min., ascorbic acid 
content of orange juice =0-40 mg./ml., final volume =10 ml. 







Ascorbic acid 









Ascorbic acid remaining 
Volume of equivalent to equivalent Ascorbic 
Volume of cucumber 5 ml. cucumber to 5 ml. acid 
orange juice juice juice cucumber juice oxidized 
ml, ml. mg. mg. % 
0-0 (Negative control) 5-0 0 0 _ 
1-0 5-0 0-40 0 100 
2-5 5-0 1-00 0 100 
5-0 5-0 2-00 0-11 94-5 
5-0 4-0 2-50 0-14 94-5 
5-0 2-0 5-00 0-27 94-5 
5-0 1-0 10-00 1-65 83-5 
5-0 0-5 20-00 4-40 78-0 
5-0 (Positive control) 0 *2-00 *2-00 0 





* Actual amount of ascorbic acid present in the test solution. 








(2) 5 ml. cucumber juice were mixed with 5 ml. ascorbic acid solution of the 
strength noted in Table III. Other conditions same as in Table II. 






Table III. The effect of cucumber juice on solutions of synthetic ascorbic acid 






Conditions of experiment: pH, 5-6; temperature, 37°; time, 10 min.; 5 ml. cucumber 
juice +5 ml. ascorbic acid solution. 















Ascorbic acid Ascorbic acid 
Ascorbic acid present remaining oxidized 
mg. mg. % 
0-00 (Negative control) 0-00 — 
0-16 0-00 100 
0-31 0-00 100 
0-62 0-00 100 
1-25 0-00 . 100 
2-50 0-00 100 
5-00 0-22 95-4 
10-00 3-74 2-6 
10-00 No cucumber 7-26 27-4 








juice (Positive control) 
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It is shown that orange juice by itself does not lose any ascorbic acid by sech 
treatment. The loss sustained by solutions of pure ascorbic acid when they are 
allowed to stand under unfavourable conditions has already been reported by 
Kellie & Zilva [1935]. The oxidation of ascorbic acid by cucumber juice is 
proportional to the amount of juice present. 

That the ascorbic acid can be regenerated is shown by the following experi- 
ment: 


A sample of cucumber juice was treated with metaphosphoric acid and hydrogen sulphide 
and found to contain 0-19 mg. per ml. of ascorbic acid. 2-5 ml. orange juice (pH 5-6, ascorbic 
acid 0-5 mg. per ml.) and 2-5 ml. water were added to 5 ml. cucumber juice, and the mixture 
heated for 10 min. at 37°. The reducing capacity disappeared. 5 ml. of this mixture were treated 
with 5 ml. 10% metaphosphoric acid and then with hydrogen sulphide in the usual manner. 
1-1 mg. ascorbic acid were found in the solution. Of this, 0-47 mg. was from the cucumber juice, 
leaving 0-63 mg. from the 1-25 ml. orange juice present. This shows a recovery of 100%. 


SUMMARY 


1. Several fruits and vegetables were investigated as to: (a) their ascorbic 
acid content by extraction with 10% metaphosphoric acid; (b) the ascorbic 
acid content of their expressed juices, before and after treatment with hydrogen 
sulphide; (c) the activity of the expressed juices in oxidizing the ascorbic acid 
of orange juice; all with a view to determining which, if any, contained an 
ascorbic acid oxidase. 

2. Those vegetables which lost their indophenol-reducing power on mincing 
(banana, cabbage, carrots, cucumber, potato, string beans and vegetable marrow) 
were able to oxidize the ascorbic acid of orange juice, thus showing an ascorbic 
acid oxidase to be present. 

3. Those which retained their ascorbic acid content (cantaloupe, green peas, 
lettuce, lucerne, onions, spinach and water melon) had no effect on orange juice, 
and hence have no oxidase. 

4. The enzyme catalyses the reversible oxidation of ascorbic acid to dehydro- 
ascorbic acid, 100% recovery being obtained by hydrogen sulphide treatment. 

5. The enzyme acts equally well upon natural ascorbic acid (in orange juice) 
and on synthetic ascorbic acid. 

6. There is apparently no dehydroascorbic acid in the intact vegetable, this 
being formed only when a cut or crushed vegetable containing the enzyme is 
exposed to air. 

7. There is no necessity to assume the presence of a stabilizing system for 
ascorbic acid, as proposed by McHenry & Graham. Those juices which retain 
their vitamin simply do not have any oxidase. 

8. The findings of Mack that the oxidase of cabbage is only partially in- 
hibited by dilute acid, and that if sufficiently strong acids are used during the 
extraction, the true vitamin C content of the foodstuff is obtained, are confirmed. 
If, however, the enzyme is given time to act before the acid is added, the vitamin 
will be oxidized. 


Thanks are due to Dr F. W. Fox of this laboratory, and to Dr L. F. Levy of 
the Government Chemical Laboratories, Johannesburg, for their valuable 
advice. 
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Note added 15 March 1937. After submission of this paper for publication the 
article of Kertesz, Dearborn and Mack [.J. biol. Chem. 116, 717] was received. 
These workers have found that some of the vegetables which I have reported 
to contain no oxidase apparently contain a small amount which acts after a 
longer period of time than was tried in my experiments. In order to see if this 
was true of South African varieties the following experiment (according to 
Kertesz) was carried out. 

The vegetables mentioned in the table below were treated as follows. 

(1) The ascorbic acid content after extraction with 10 % metaphosphoric 
acid was determined in the usual manner with indophenol. 

(2) The vegetable was ground in a mincing machine and the juice expressed 
from the pulp. The ascorbic acid content of the juice was determined. One 
portion of the juice was heated 1 min. in a boiling water-bath to destroy any 
oxidase that may have been present. Another portion was left untouched. Both 
portions were then left for 3 hours at 37°. After this period the ascorbic acid 
contents of the two fractions were again determined. The results were as follows: 


Ascorbic acid Heated Unheated 
—__ 


ea ' 
Acid Ascorbic acid Ascorbic acid 
extract Juice remaining %loss remaining 
Vegetable mg./g. mg./ml. mg./ml. mg./ml. 
Lettuce 0-27 0-28 0-07 7 0-12 
Onions 0-05 0-07 0-07 0-07 
Peas (fresh green) 0-35 0-55 0-51 3 0-55 
Spinach 0-90 0-92 0-10 91 0-15 85 


Since in no case is the value after heating higher than in the unheated juice, 
and in three cases actually lower, it is concluded that there was no oxidase present 
in the vegetables, even in small amounts. The enormous loss sustained by spinach 
is non-enzymic and was noted by Kertesz et al., and was ascribed by them to its 
high iron and copper content. No doubt this is also true of lettuce. This loss in 
spinach is of great importance because the mode of preparation of this vegetable 
for consumption is very conducive to the destruction of its excellent vitamin C 
content. In order to minimize this loss, it should be served immediately after 
cooking. Kertesz has shown that this oxidation is irreversible. 
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INTRODUCTION 


For the investigation of protein films at air/water interfaces two methods have 
been used : 

(a) Determination of the drop in surface tension which the layers bring about. 

(6) Determination of the surface potential change which the layers produce. 

The apparatus used resembles somewhat the spreading apparatus described 
earlier in the literature. In several respects, however, the apparatus has been 
improved, e.g. in the use of a new type of differential balance for force-area 
determinations. A full description has already been given elsewhere [Philippi, 
1936]. 

MODE OF PREPARATION OF THE PROTEINS USED 


The proteins used were kindly put at my disposal by several investigators and 
were prepared as follows: 

Egg albumin was prepared by Dr J. van Ormondt according to Sorensen’s 
method. The protein was recrystallized 5 to 6 times and then dialysed against 
distilled water until the sulphate reaction of the water remained negative after 
standing 48 hours in the dialyser. The concentration of the solutions was 
determined by the Ter Meulen-Heslinga method [1930], assuming a nitrogen 
content of 15-1 % [Calvery, 1931]. 

During the author’s stay in Prof. Svedberg’s laboratory a sample of such an 
egg albumin solution was tested in the ultracentrifuge. The preparation was 
quite homogeneous and the sedimentation constant of the protein Sy. = 
3-53.10-!3 was close to the value found earlier in Svedberg’s Laboratory. 

The insulin studied was Allen and Hanbury’s brand. The solutions supplied 
by the manufacturers contained 80 units per ml. The protein was recrystallized 
according to the method of Scott [1931] by van Ormondt. After dialysis against 
dilute hydrochloric acid, pH 2-5, concentration determinations of the solutions 
were carried out according to the Ter Meulen-Heslinga method, assuming a 
nitrogen content of 14% [Scott, 1925]. 

A series of experiments was also carried out with the unpurified material, 
containing 80 units per ml. The results were very much the same as with the 
recrystallized material, but the surface areas were somewhat smaller. This may 
be due to an error in the concentration determination of these non-dialysed 
solutions. 

Pepsin. A sample of pepsin (Northrop), dissolved in glycerol, was given 
me by Prof. E. Gorter. The concentration of this stock solution was 5%. 
Before spreading it was diluted 10-fold with an acetate buffer of pH 4. At this 
pH self-digestion of the proteolytic enzyme is much reduced. 
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A sample of pepsin (Philpot) was given me by Dr Philpot, prepared as 
previously described [1935]. Before spreading, this pepsin also was dissolved in 
an acetate buffer of pH 4. Concentration determinations were carried out by 
Mr K. Andersson by Kjeldahl’s method. 

Lactoglobulin Palmer. This protein was given me by Prof. Svedberg. For 
details as to the preparations see Palmer [1934] and Pedersen [1936]. The 
solutions used were prepared by dissolving a known quantity of the protein, 
which had been dried over P,O; in a known volume of 0-02N acetate buffer 
containing 0-04.N KCL. 

Serum albumin was given me by Miss Brosteaux. The protein was prepared 
according to Svedberg & Sjégren [1928]. The preparation was tested in the ultra- 
centrifuge and appeared to be quite homogeneous. The sedimentation constant 
was Sw, o9=4°61.10-%%. 

The concentration of the serum albumin solution was determined by dry 
weight measurements both on the solution and on the solvent. 


EXPERIMENTAL RESULTS AND THEIR INTERPRETATION 


Recently it has been pointed out [Philippi, 1936] that the area A, of protein 
films, found by extrapolation of the linear part of the force-area curves to zero 
force, is independent of the pH of the medium. This result does not, however, 
imply that no changes take place as the pH varies. 

When the films are compressed to an area which is not less than the area A), 
remarkable changes of the film area (at constant pressure) are observed. An 
example of such changes is shown in Fig. 1. 


LACTOGLOBULIN 


PRESSURE OS p/co. 


—> AREA IN M?/MG, 


Sea 22 £2 
, 2 3 s 6 7 


4 


—pH 


Fig. 1. 


The surface potential difference, AV, also changes very much with pH. For 
the s.p.d. area curves are shifted nearly parallel to themselves the shift being 
somewhat larger at smaller areas (Figs. 2, 3 and 4). To a first approximation 
s.p.d. area curves are also shifted parallel to themselves if the salt content of the 
solution is changed. The influence of KCl is shown in Fig. 3. 

In Fig. 4 the AV values for an area of 0-75 m?/mg. are plotted as a function of 
pH for several proteins. 


1 Surface potential difference will be represented by s.p.d. 
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The determinations for the upper egg albumin curve were done on 0-0033.N acetate buffers, 
those for the lower curve on 0-02 N acetate buffers. 

Insulin was spread on veronal buffers containing 0-033. sodium acetate, 0-0033N sodium 
veronal and a varying amount of HCl. 

Both pepsin preparations were spread on veronal buffers ‘of the same concentration, but the 
solutions contained 0-01 N KCl as well. 


The difference between the two egg albumin curves in Fig. 4 shows the in- 
fluence of the sodium ion on the surface potential values. In general, the slope of 
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AV-pH curves is decreased by increasing salt content. Preliminary experiments 
with salts of different valencies revealed that the slope dAV /d pH diminishes to 
zero value when the ionic strength of the medium is sufficiently high. 

In Fig. 1 the variation of the area of lactoglobulin films, at constant pressure, 
has been plotted as a function of pH. Interesting curves are obtained also by 
plotting the film pressure as a function of pH at constant area. Examples are 
shown in Figs. 5 and 6. 

To explain both surface potential and film pressure changes it must be 
decided whether these changes are due to reorientation of the polypeptide 
molecules, to changes in their ionization, or to both combined. 

Recently it has been shown [Philippi, 1936] that no reorientation of the 
molecules occurs unless the medium becomes very acid (pH <2). Moreover, it 
has been shown that the film pressure variations, at constant area, are due to the 
following factors: 

(a) The electric repulsion between equally charged film molecules or parts of 
these molecules. 

(b) The electric repulsion between equally charged counter-ions. 

(c) The osmotic forces exerted by the counter-ions. These ions are at an 
excess concentration in the neighbourhood of the surface. 

(d) An occasional penetration of counter-ions and other substances between 
the polar heads of the molecules. Such a penetration may be due either to 
ordinary electrostatic attraction or to a specific adsorption. 

To a first approximation the film pressure variations AF are fixed by the 
following equation: 


AP_ = Ly 72 
AF=By/c [ sinh oir jl 


where AF =the difference between the film pressures of a charged and a neutral 


film of equal area, 
#s=the difference of the surface potential of such films, 
c=the ionic concentration in the bulk of the solution, 
L=the charge of one gram equivalent in E.s.U., 
R=the gas constant, 
T =the absolute temperature, 
B=a known constant. 


In the right-hand side of equation (1) % can be calculated from surface 
potential measurements, whereas all other factors are known constants. 

Hence it is possible to calculate film pressure variations from the correspon- 
ding surface potential variations without making use of any assumptions other 
than those involved in formula (1). 

Such a calculation has been carried out using data derived from experiments 
with insulin. The theoretical values of the film pressure variation AF have been 
used to construct the full line curve of Fig. 7. 

In the same figure the experimentally observed AF values, measured at a 
constant area of 1-40 m?/mg., have been indicated by points. For the calculation 
of AF the minimum pressure in the F-pH curve, situated at about pH 5-4, has 
been used as reference pressure. The experimental points are connected by a 
dotted line. 

Fig. 7 shows several interesting features. First there is, within the limits of 
experimental error, a coincidence of the minimum of the experimental F-pH 
curve and the isoelectric point of insulin, which is at about pH 5 according to 
measurements by Wintersteiner & Abramson [1933]. The experimental F-pH 
curve of lactoglobulin (Fig. 1) shows the same feature, the isoelectric point of 
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lactoglobulin being pH 5-19, according to Pedersen. Hence it appears that the 
isolelectric points of a protein in the dissolved state and in the spread state are the 
same within the limits of experimental error. If there is any difference at, all, it 
can only be a small one. This fact definitely shows that the observed film 
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pressure variations are at least partly electrical in origin, and moreover the agree- 
ment between the theoretical curve and the experimentally observed values in 
Fig. 7 in the pH range 2-6 shows that the film pressure variations are brought 
about by the factors which are taken into account in equation (1), viz. electric 
repulsions and osmotic forces. 
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However, both at pH <2 and pH > 6 the experimental] and theoretical pressure 
values disagree. As has been shown earlier [1936, p. 83], the deviation below 
pH 2 is due to the fact that the assumptions made in equation (1) are no longer 
valid if the ionic strength of the medium becomes high. The deviation at pH >6 
is due to association of the molecules in the surface. 

In Figs. 5 and 6 the pressures of both serum albumin and insulin films hardly 
changes with pH in the range which includes the isoelectric points of these 
proteins. Obviously, no film pressure variation can be measured in the extreme 
case, when all molecules are associated and form a quite rigid surface layer. This 
may be iilustrated by the following example: At a mercury-water interface 
considerable changes of the interfacial tension and area can be measured when 
the electric charge of the mercury surface is changed, the action of the 
well-known capillary electrometer being due to such changes. At solid metal- 
water interfaces no such phenomena are observed. The electric and osmotic 
forces, however, are just as much present as in the mercury-water interface, 
but owing to the rigidity of the solid surface of the metal they cannot bring 
about any measurable change either in surface tension or in surface area. The 
independence of the pressure of some protein films of their charge is due to the 
same cause, i.e. the rigidity of the surface layer due to association of the spread 
molecules. 

The deviation above pH 6 between the experimental and theoretical curves 
in Fig. 7 is.also due to association of the spread insulin molecules. 


pH STABILITY REGIONS OF THE FILM AREA AND 
OF THE FILM PRESSURE 


Some proteins do not spread out over the whole available area of the water 
surface, but form a coherent film. The areas of such films can easily be measured 
with the movable air electrode [Philippi, 1936]. The properties of coherent films 
and the possibility of their formation depend on the pH of the medium in every 
case in which the phenomenon has been observed. An example is shown in the 
upper part of Fig. 6. When the pH of the solution, on which the insulin is spread, 
is near to the isoelectric point of the protein, a coherent film forms, the area being 
minimum in this pH range. 

Although conclusions as to the isoelectric point of the films can easily be drawn 
from curves of the type shown in Figs. 1 and 5, no such conclusion can be 
drawn from Fig. 6, as the observed areas of these coherent films are not very 
reproducible. The peculiar form of the lower curve in Fig. 6 will now be clear 
also. The pressures were read at a constant area of 1-75 m?/mg. As this area is 
somewhat larger than the minimum value for the area of the coherent film, the 
film pressures fall to zero in a narrow pH range near the isoelectric point. Apart 
from this narrow range the film pressure is almost independent of the hydrogen 
ion content of the medium at pH >4. 

A similar independence of the film pressure is observed with serum albumin 
films (Fig. 5). The phenomenon indicates that in serum albumin films small 
coherent islands exist, although no macroscopic ‘coherent film’ could be 
detected with the air electrode. The resolving power of this ‘film microscope” 
appears to be too small to detect the islands in the serum albumin films. 

Egg albumin and pepsin, however, form macroscopic coherent films. The 
areas of these films scarcely vary with the pH of the medium over a rather wide 
pH range in the neighbourhood of the respective isoelectric points of these 
proteins. The phenomenon is shown in Fig. 8 and in Table I. 
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Table I. Pepsin (Philpot) spread on HCl and on veronal buffers containing 
0-0033N sodium acetate, 0-0033N sodium veronal, 0-01N KCl and a varying 
amount of HCl 


Area coherent 
film in m?/mg. Buffer 
1-00 : HCl 0-01 N, KCl 0-01 NV 
1-08 2-80 Veronal buffer 
1-03 . — 
0-82 
0-39 4-95 
© 7-11 
00 7-58 
oo 8-12 
In the pH range 4-7 pepsin does not spread completely on buffer solutions of the ionic strength 
used. 
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Fig. 8. Fig. 9. 


Both in the case of egg albumin and of pepsin, it is possible to define a pH 
stability region of the film area. Outside that pH range the cohesion in the films 
is much less and they expand owing to electric and osmotic forces, which act along 
the surface. 

Serum albumin and insulin films also show a similar pH stability region. By 
plotting the film areas as a function of pH, at constant pressure, this is easily 
demonstrated. An example of a pH stability region found in this way is shown in 
Fig. 9. 

Similarly pH stability regions of the film pressure, at constant area, exist. As 
a matter of fact they have been shown already in Figs. 5 and 6. 

The relations between these pH stability ranges of protein films and the pH 
stability ranges of dissolved protein molecules found by Svedberg and his 
collaborators have been discussed recently [Philippi, 1936]. 

Not all protein films possess a ‘‘pH stability region of the film area”’. Lacto- 
globulin films, for instance, do not, as can be seen from Fig. 1. In this respect 
differences between the various proteins are due to a different surface solubility 
of their molecules. When the surface solubility of spread molecules is zero, all 
molecules are associated (in two dimensions) into a coherent film. If the surface 
solubility is larger, only a part of the molecules is associated into small or large 
coherent islands, the other part being dissolved in two dimensions. The experi- 
ments with insulin show that the tendency to form a coherent film is a maximum 





520 G. T. PHILIPPI 


at the isoelectric point of the protein. Hence the surface solubility of insulin is a 
minimum at its isoelectric point. 

With the other proteins investigated no minimum area of the macroscopic 
coherent film at their respective isoelectric points was found. In these cases the 
surface solubility must be constant over a pH range near the isoelectric point. 


SUMMARY 


1. The surface potential difference AV produced by protein films depends 
markedly upon the pH and the salt content of the medium. To a first approxi- 
mation, variations of the potential drop across the films are independent of their 
states of compression. 

2. For sufficiently large areas (e.g. within the range of 1-0-2-0 m?/mg.) the 
film pressure of a protein film, with reference to a constant area, depends markedly 
on the pH of the medium. 

These changes of the film pressure are due partly to electric forces between the 
film molecules and between the counter-ions, and partly to osmotic forces brought 
about by the excess concentration of the counter-ions close to the surface. In 
some cases ionic penetration likewise increases the film pressure. 

3. It was found possible to calculate, from the corresponding variations of 
the surface potential, the variation of the film pressures of spread protein films 
(with reference to a constant area). 

4. In the cases of several proteins there exist pH stability ranges of the film 
area, measured at constant pressure, and also pH stability ranges of the film 
pressure, measured at constant pressure. 

These stability ranges are due to association of the molecules in the surface. 


The experiments described in this paper were done partly in Prof. Gorter’s 
laboratory at Leyden and partly in Prof. Svedberg’s laboratory at Upsala 


during the years 1934 and 1935. 
It is a pleasure to acknowledge my indebtedness for the hospitality afforded 


in their laboratories. 
I also wish to thank the Curators of the Leyden University for a grant from 


the “‘Van Vollenhoven Fonds”’. 
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LXXII. PROPERTIES OF CHOLINE ESTERASE 
IN HUMAN SERUM 


By DAVID GLICK 
From the Carlsberg Laboratory, Copenhagen 


(Received 7 December 1936) 


THE importance of the physiologically active substance acetylcholine makes it 
highly desirable that the properties of the enzyme which specifically hydrolyses 
choline esters be established. Summaries of the past work on this enzyme have 
recently appeared [Ammon, 1935; Gaddum, 1935; Oppenheimer, 1935]. It is 
remarkable that although choline esterase has been studied in relation to its 
partial purification, distribution within the organism, variations in different 
species, inhibition by compounds of pharmacological interest and in connexion 
with normal and abnormal physiological functions, some of its most fundamental 
properties have not yet been adequately investigated. In the present study 
the activity-pH relationship has been definitely established, and the affinity of 
the enzyme for acetylcholine has been measured. 


METHOD 


The activity of choline esterase may be measured by either pharmacological 
or chemical methods. In the former, the quantity of unhydrolysed choline ester 
is estimated by its action upon a sensitive tissue, and in the latter the acid 
liberated by hydrolysis may be determined either by manometric measurement 
of the CO, set free from a bicarbonate buffer [Ammon, 1934; Stedman & Stedman, 
1935] or by titration with standard alkali [Stedman et al. 1932]. The chemical 
methods are more exact; may be used over a wider range of conditions and are 
simpler than the pharmacological procedures. The objection to the titration 
method made by Bernheim & Bernheim [1936] that it ““requires relatively large 
amounts of acetylcholine and is thus less suitable for the study of the action of 
inhibitors when such substances may be competing with the acetylcholine for the 
surface of the enzyme” is not a very serious one. If an inhibiting substance is 
competing with the substrate for a given enzyme surface, the inhibition produced 
will be a function of the ratio of the concentrations of inhibitor and substrate. 
Hence even with a larger amount of substrate the same degree of inhibition may 
be obtained by suitably changing the amount of inhibitor. 

In the course of the present investigation it was necessary to measure the 
enzyme activity at various hydrogen ion concentrations. The manometric method 
was inadequate since the pH range over which it may be used is greatly limited. 
The titration method used by Stedman et al. [1932] based on the continuous 
addition of standard alkali to a buffer-free mixture of enzyme and substrate in 
order to neutralize the acid as fast as it is formed, might have been employed 
with various indicators for the different pH regions. However, there is the 
possibility that indicators may influence the enzyme as Bamann & Schmeller 
[1931] have demonstrated for liver esterase. Furthermore, the continuous 
matching of the colour of the reaction mixture with a standard of known pH is a 
none too exact procedure. Another possibility for the titration method would be 
to maintain the reaction mixtures at the different pH values by a series of suitable 
buffers, but in this case there is the danger that various buffers would affect the 
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enzyme in different ways as has been shown for liver esterase [Sobotka & Glick, 
1934, 2]. 

The ideal method would involve measurement of the effects of the interaction 
of enzyme and substrate in a solution of these two constituents only by a process 
which would introduce no foreign substances into the mixture or alter the 
conditions of the reaction. As an approach to this ideal the following procedure 
was finally adopted. 

All measurements were conducted in a constant temperature room main- 
tained at 25° after sufficient time had elapsed for the solutions and vessels to 
acquire constant temperature. 

For the study of the pH-activity relationship 0-2 ml. of serum from normal 
individuals from 20 to 30 years of age was added to 20 ml. of a freshly prepared 
0-2 °% acetylcholine chloride! solution. A drop or two of 0-1N NaOH or HCl 
were added to bring the pH to the desired value as measured by a glass electrode 
(where the adjustment required was slight, 0-01 NV acid or alkali was used). The 
glass electrode was.left in the reaction vessel during the experiment so that the 
pH might be maintained at a practically constant value by dropping in 0-02 or 
0-01. N NaOH (depending on the speed of the hydrolysis) from a burette fixed over 
the vessel. This burette delivered 52 drops per ml., and the number of drops 
required in each 5 min. period for a total of 30 min. was recorded. Stirring was 
accomplished by a few up-and-down movements of a glass rod bent into a circle 
around the glass electrode. With the Lindemann electrometer used, the pH 
could be kept within +0-1 unit in most cases. Control experiments conducted in 


10 0-1 0-2 0-3 0-4 
Fig. 1. Fig. 2. 
Fig. 1. Activity-pH curve for choline esterase. Upper curve, total hydrolysis. Lower curve, 


non-enzymic hydrolysis. Middle curve, enzymic hydrolysis. Abscissa: pH. Ordinate: 
enzyme activity (no. drops 0-02 N NaOH for 30 min.). 


Fig. 2. Activity-amount of enzyme curve. Abscissa: ml. serum. Ordinate: enzyme activity 
(no. drops 0-02 N NaOH for 30 min.). 


the same manner, but without serum, were performed to determine the hydro- 
lysis effected by the hydroxy] ions alone. The activity observed was practically 
directly proportional to time throughout the 30 min. period in every case. The 
characteristic curve obtained in this fashion is shown in Fig. 1. 


1 The pure Kahlbaum product was used after it had been kept for several days in vacuo over 
H,SO, in a desiccator. 
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From Fig. 2 it may be seen that in the range of the concentration of serum 
used in the above experiments there is a linear relation between the activity and 
the concentration of enzyme. These measurements were carried out at pH 8-4 
in the manner already described. 

The activity-pS relationships were investigated by measuring the activity of 
0-2 ml. serum upon 20 ml. substrate solution at pH 8-4. The substrate concen- 
trations ranged from 0-166 to 0-00111 MV. 

The points in Fig. 3 were obtained from the data in Table I in the manner 
described in an earlier study [Sobotka & Glick, 1934, 1]. The curve represents the 
theoretical relations for the dissociation constant of 0-0011. The points are 
derived from the experimental data, and the extent of the agreement between 
the theoretical and observed results may be seen from the figure. 














The activity-pH relation 






An attempt at the estimation of the activity-pH relation for the enzyme in 
human serum was made by Plattner et al. [1928] using a pharmacological method. 
However, their work did not establish a definite pH optimum. Bernheim & 
Bernheim [1936], also using a pharmacological procedure, recently reported a 
pH optimum of 8-4 for the serum and brain enzymes of some lower animals. 
Though they worked with rabbit, rat, guinea-pig, cat and dog, it is not clear 
whether their activity-pH studies were conducted on all, or only on some, of these 
animals. The peak of their curve is rather sharp, whereas in the curve presented 
here, a rounded, less sudden optimum may be seen (Fig. 1). The maximum 
activity was however found at the same pH. 













The activity-pS relation 






The difference in activity observed for different substrate concentrations has 
been explained best by the theory of Michaelis & Menten [1913] that enzyme and 
substrate combine to form an intermediate compound which in turn yields the 
original enzyme and the products of the reaction. The equilibrium, or Michaelis, 
constant, for the reaction leading to the formation of the intermediate compound 
is a measure of the affinity between the active enzyme group and the substrate 
(the affinity is inversely proportional to the Michaelis constant). In the present 
case it may be seen that the Michaelis constant (K,) for the action of the enzyme 
upon acetylcholine is 0-0011. 

If the affinity of human serum choline esterase for acetylcholine is compared 
with the affinity of liver esterase from various species for methyl butyrate as found 
by Bamann & Schmeller[1929]it may be seen that the affinity of the former is about 
30 times that of the latter in the case of horse liver (K,= > 0-03), about 20 times 
for the ox organ (K,= > 0-02), about 8 times for human liver (K,=0-008-0-009), 
about 2-5 times for dog (K,=0-0028) and about equal for sheep and rabbit 
(K,=0-0013 and 0-0010 respectively). Compared with the affinity between hog 
liver esterase and methyl butyrate (K,=0-0020) [Sobotka & Glick, 1934, 1] the 
choline esterase-acetylcholine affinity was about twice as great. 

One of the characteristics of liver esterase is the inhibition observed in the 
presence of higher concentrations of substrate [Bamann & Schmeller, 1931; 
Murray, 1930]. That choline esterase differs in this respect was shown by Stedman 
& Stedman [1935] who observed small increases in activity as the acetylcholine 
chloride concentration was increased from 2 to over 16%. From the data in 
Table I and the curve of Fig. 3 it may be seen that at a substrate concentration 
33 
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Table I. The hydrolytic activity of human serum upon acetylcholine 
at various concentrations 


M concentration acetylcholine... 0-166  0-0554 0-0222 0-0111 0-00554 0-00277 0-00111 


No. drops of 0-02 N NaOH Total hydrolysis 


after (min.) 
5 15 10 8 
10 30 20 16 
15 45 30 24 
20 60 39 32 
25 75 49 40 
89 59 48 


Hydrolysis without enzyme 
8 + 

17 7 
25 10 
33 13 
41 16 
49 19 


OWA Crd bo 
Cle mm OO bo 
NN ee ee 


Enzyme hydrolysis after 30 min. 
40 40 39 37 33 


Relative initial velocity (a factor, 98-0 98-0 94-6 90-6 80-8 
2-45 xno. drops representing 
enzyme hydrolysis after 30 min. K,=0-0011 


2 l 


Fig. 3. Activity-pS curve. Abscissa: pS. Ordinate: relative initial velocity. 


of 0-0554 M (corresponding to a 1 % solution) the maximum velocity of reaction 
has been practically attained. The absence of a drop in the curve at higher 
substrate concentrations confirms the finding of Stedman & Stedman that excess- 
substrate inhibition does not occur with this enzyme. 


SUMMARY 


A modification of the continuous titration method used by Stedman e¢ al. was 
made in order that choline esterase activity might be measured in a solution 
containing only the enzyme and substrate. 

The activity-pH relation for the enzyme in human serum was established. 
A maximum was observed at pH 8-4-8-5. 
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The affinity of this enzyme for acetylcholine was measured, and the:dissocia- 
tion constant was found to be 0-0011. 
The absence of excess-substrate inhibition of choline esterase was confirmed. 


The author wishes to thank Prof. 8. P. L. Serensen for his interest in this 
work, and to express his appreciation to G. Haugaard for his help in connexion 
with the glass electrode. 
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In a previous paper [Wooldridge e¢ al. 1936] it was shown that the activities of 
most bacterial dehydrogenases varied with the culture time of the organism. In 
the present paper this variation is studied in relation to the viability of the cells 
responsible for the enzymic activity. 


EXPERIMENTAL 


The bacterial suspensions used in this work were prepared and the activities 
of their enzymes examined by the methods described in the previous paper. The 
suspensions, which were adjusted to a strength equivalent to that of a suspension 
of Bact. coli containing 5x 10° cells per ml., were examined by the Thunberg 
technique within an hour or two of their preparation: total and viable counts 
were made at the same time as the enzymic tests. The number of viable 
organisms present in the culture media at the time of reaping was also estimated. 
The total number of organisms present in the suspensions of washed cells was 
assessed by the technique described by Wilson [1922]. In this the Helber chamber 
is used and the unstained organisms are counted against a dark background. 
Viable counts were made by the agar-roll tube method described in the same 
paper. All dilutions were effected by the use of dropping pipettes [Donald, 
1915}. 

Viability and the enzymic activity of bacterial suspensions 

Bact. coli was inoculated into a series of Roux bottles containing 120 ml. 
of liquid medium, the flasks incubated at 37° and batches of them reaped after 
different periods of growth. Each harvest of bacteria was centrifuged from the 
medium, washed thrice with saline, aerated for 20 min. and adjusted to the 
required turbidity. Counts were made of the total and viable cells in each sus- 
pension at the time that its enzymic activities were examined. Four different 
media were used, namely caseinogen digest broth and chemically defined media 
consisting of an inorganic medium with added glutamate, lactate or glucose. All 
experiments gave similar results and for purposes of illustration the variations in 
the viable counts of the suspensions obtained from glutamate medium and the 
changing activities of their dehydrogenases are depicted in Fig. 1. To facilitate 
ready comparison the results for any one suspension are expressed in terms of the 
corresponding result of the suspension of the 8-hour-old organism, which was 
arbitrarily given a value of 100. It is clear from Fig. 1 that the activity curves 
of the enzymes do not follow closely the curve for the viable count of the sus- 
pension. In these experiments the proportion of viable to total cells present in 
the various suspensions varied between 2 and 84%. The total count of these 
( 526 ) 
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suspensions varied between — 15 and + 10% of 5000 x 10° cells per ml. and may 
be considered to be constant, so it is clear that the cells are not uniformly 
active enzymically. 
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Fig. 1. Comparison of variation in viable count with that of the activity of dehydrogenases of 
suspensions of washed Bact. coli cells grown for different periods of time on a glutamate- 
inorganic medium. The results obtained with the 8-hour suspension are given the value of 100: 
the actual results were viable count = 2315 x 10®, and the reduction times, in minutes, for the 
various substrates, formate =4, lactate=11-5, glucose =6-7, succinate = 13, glutamate =4-5, 
alanine = 7-1, leucine =6-3 and tryptophan =6-3. Other results are expressed in relation to the 
corresponding 8-hour result. The curves are designated by the use of the initial letters 
(except Gt=glutamate) of the particular substrate at the ends of the appropriate curve. 


The results given in Table I were obtained with many different suspensions 
of Bact. coli throughout the course of this work, that proved to contain approxi- 
mately the same number of viable and total cells, and these results show that 
the activities of the enzymes examined were not solely dependent upon the 
proportion of viable and total cells present. It was previously known [Quastel & 
Wooldridge, 1927] that the activities of formic, lactic and succinic dehydrogenases 
were not dependent on the viability of the cells, but this table shows that this 
conclusion applies also to the activities of the sugar and amino-acid enzymes. 


Table I. Enzymic activity of suspensions of Bact. coli containing equal 
numbers of total cells and of viable organisms 


The figures represent actual reduction time in minutes. The suspensions were obtained by the 
growth of Bact. coli 47 under a variety of conditions, but the final suspensions used contained 
1500 x 10 viable organisms and 5000 x 10® total cells per ml. The substrates are given at the heads 
of columns. 


Actual viable 


count Formate Lactate Glucose Glutamate Alanine Tryptophan 
1605 x 108 7 5 6-5 8 8-7 74 
1595 3 ll 4 4-7 9 9 
1580 3°5 15-5 9-3 4 7 52 
1575 t 15-5 55 8-5 90 8-3 
1575 6-5 12 9-7 7-5 8-3 24-5 
1535 2-7 3 5 3-5 5-5 19 
1485 23-5 20 12-5 17 12-5 22 
1475 2-4 20 6 5-5 112 — 
1445 3 11-5 9 4-3 9-5 50 
1445 4:5 11-7 6-5 4:3 180 133 
1445 35 59 26 38 27 69 
1425 3:7 55 3-7 6-5 10-7 55 
1420 7-5 23 ll 12 43 43 
1415 3-5 ll 8 6-3 16 8 
1415 3-7 18 4 10 37 7 
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Table II. The effect of storage at 0° upon the activity of dehydrogenases and 
upon the viability of a suspension of Bact. coli 


The suspension was prepared in the usual way and stored in a strength equivalent to 20 x 10° 
cells per ml. It was diluted fourfold for examination of the enzymes. The total count (Helber 
method) of the suspension remained constant, that for the 0-day suspension = 5590 x 10°, and that 
for the 50-day suspension = 5860 x 10®. The figures represent comparative enzymic activities 
expressed in terms of the 0-day results, as described for Table I. 


Enzymic activity Actual reduction 
time (min.) 





Days at 0° 
Formate 
Lactate 
Glucose 100 
Fructose 100 ; 
Succinate 100 E 5 5 10 
Glutamate 100 3 18-5 
Alanine 2 25 


Viable count 100 ¢ ss d 1150 x 108 per ml. 


The work of Yudkin [1933] suggests that certain bacterial dehydrogenases 
require the presence of coenzymes (boiled organism) for their maximum 
activity. Similar experiments to his indicate that, besides lactic and glucose 
dehydrogenases, succinic dehydrogenase requires a coenzyme. Dilution experi- 
ments with the suspensions of Bact. coli showed that the activity of the enzymes 
for alanine, leucine and tryptophan fell off rapidly with dilution, whilst the 
decline in the activity of the glutamate dehydrogenase is linear. In this respect 
glutamic dehydrogenase resembles formic dehydrogenase. Hence to avoid changes 
in enzymic activity due to “‘coenzyme’”’ factors, either conditions should be 
chosen which do not alter these factors, or enzymes, such as those for formic and 
glutamic acids, independent of ‘‘coenzymes” should be examined. It was found 
that storage of a bacterial suspension at 0° resulted in a decline in the activity of 
the enzymes, but that the “‘coenzyme” factors which can be supplied by boiled 
organism are not destroyed. Sometimes lysis occurred, but often no lysis would 
take place over a period of two months. In Table II, figures are given showing 
changes in the activity of the enzymes and comparative figures for the variations 
in the number of viable cells. It is seen that the decline in enzymic activity of all 
enzymes, including that for the formic and the glutamic dehydrogenases, is less 
rapid than is the fall in viable count. 

That there is no close correlation between viability and the activity of the 
glutamate enzyme of bacterial suspensions obtained from growth upon various 
media for different periods of time is again brought out clearly by the curves of 
Fig. 2. 

Dehydrogenase activity in relation to the growth curve of the organism 

Comparison of the number of viable organisms present in a culture medium at 
the time of reaping with the enzymic activity of the resulting bacterial suspen- 
sion shows that the activity of most enzymes increases rapidly during the early 
part of the period of maximum growth, reaches its highest value during this 
phase and generally diminishes before the number of viable organisms present in 
the culture has reached its peak. The results of Fig. 3 are illustrative of many 
experiments carried out to test this conclusion; similar results are obtained for 
other dehydrogenases. They suggest that cells produced in the logarithmic 
phase are enzymically more active than cells present at other phases of the 
growth curve of the bacterial population. 
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Fig. 2. Relationship between the viable count (e—e) and activity of glutamate dehydrogenase 
(e- ---e) of suspensions of Bact. coli, the suspensions being obtained from organisms grown 
for different periods of time from the same inoculum. The graphs illustrate the results 
obtained with four different media, viz. (a) caseinogen digest broth, (b) glutamate inorganic 
medium, (c) lactate inorganic medium and (d) glucose inorganic medium. 
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Fig. 3. Enzymic activity and the growth curve (logarithmic) of Bact. coli grown on lactate 
medium. The various batches of culture medium were inoculated from the same suspension 
of washed cells and the viable counts were made just before reaping. The reduction times, 
in minutes, obtained with the 8-hour suspension were lactate=4-5, glucose=6, gluta- 
mate =9 and alanine =9-5. The activities of this suspension were given a value=100, and 
the activities of other suspensions expressed in terms of these values. 


e----e Curve giving logarithm of viable count of culture medium. 
e e Activity of glutamic enzyme. 

-——.- Activity of alanine enzyme. 

o——o Activity of lactic enzyme. 

x—x Activity of glucose enzyme. 
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Discussion 


It has been shown that standardized suspensions of washed bacterial cells 
exhibit marked differences in the activities of their dehydrogenases with the 
time of growth of the organism. This variability is not associated with the 
number of cells present, nor is it dependent upon the presence of some “‘ activator” 
supplied by the broth, for it was equally marked when the organisms were grown 
upon media of simple chemical composition. Viability of the cell may enhance 
the enzymic activity to some extent, but most enzymes, including the amino- 
acid and sugar dehydrogenases, seem to be considerably independent of viability. 

The enhanced activity of some bacterial suspensions is not dependent upon 
an ability to proliferate in the Thunberg tubes, for Sandiford & Wooldridge 
[1931] showed that the growth of Bact. coli under the conditions of these experi- 
ments was negligible, while Wooldridge et al. [1936] demonstrated similar vari- 
ability at 45° in the activity of the dehydrogenases of Bact. aerogenes, an 
organism which will not grow at 45°. It is possible that cellular changes may 
take place in the Thunberg tubes, and that these may affect enzymic activity. 

When the changes in enzymic activity are compared with the phase of growth 
of the original bacterial population from which the cells were reaped it is clear 
that those cells reaped during the phase of increased growth exhibit the maximum 
enzymic activity. Generally this activity, for all enzymes, lessens before the 
stationary stage sets in, and continues to fall during the stage of decline. 
Frequently the maximum enzymic activity appears in the early period of the 
phase of maximum growth and occasionally it has been shown to be present at 
the very beginning of this phase. These results accord with those of many others, 
e.g. Sherman & Albus [1923], who demonstrated during this phase a condition of 
‘physiological youth”, when the bacterial cells are more susceptible to injury. 
To demonstrate satisfactorily an enhanced enzymic activity during the lag 
phase itself by a standardized technique is no easy matter for there is always the 
difficulty of securing an adequate concentration of the ‘‘rejuvenated” cells so 
that their activity is not masked by that of the greater numbers of other cells. 
Furthermore, the necessity for washing the cells so that the tests can be made 
under standard conditions may cause greater injury, with corresponding decline 
in enzymic activity, during the lag phase, than during the other phases. The 
washing procedure appears to have some effect upon the cell, for the final 
suspensions, as judged by total counts, seem to contain cells of similar size, the 
swollen forms of the late lag period [Clark & Ruehl, 1919] being apparently 
absent from the bacterial suspensions prepared from cultures of short incubation. 
Nevertheless, in spite of the disadvantages of the technique adopted, it is clearly 
shown that,there is a rapid rise in the activity of bacterial dehydrogenases during 
the early period of growth, and that this activity usually reaches a maximum 
during the logarithmic phase. It seems probable that this increased activity 
develops earlier, e.g. during the lag phase, than is shown by this technique. 
This method of examining the cell under standard conditions is possibly 
a more valuable method of analysis than that of following changes in the 
metabolic rate (as evidenced by ammonia or carbon dioxide production, etc.), for 
bacterial populations actually growing in relatively complex media are in 
continuously changing environment and deductions from such results will be 
inconclusive. The work of such authors as Walker e¢ al. [1934] is valuable in 
demonstrating clearly that the metabolic rate of bacterial cells increases to a 
high value towards the end of the lag phase, but the apparent early and rapid 
decline of this activity would appear to be less certain and is probably associated 
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with the rapidly changing conditions of their experimental media. While there 
is general agreement [Topley & Wilson, 1936] that ‘‘the lag phase appears to be 
essentially a phase of rejuvenescence” there is practically no evidence sug- 
gesting what physiological changes are inherent in this ‘‘rejuvenescence”’. The 
evidence presented in this paper strongly supports the view that during the lag 
phase cellular structures are in a state of fluctuation and suggests that, in- 
fluenced in part by environmental conditions, the activities of appropriate 
enzymes such as dehydrogenases are considerably increased during this and the 
immediately ensuing period. 


SUMMARY AND CONCLUSIONS 


1. Thevariation in the activities of dehydrogenases, exhibited by standardized 
suspensions of washed cells of Bact. coli obtained by growing the organism for 
different periods of time before reaping, is not associated with a variation in the 
number or size of the individual cells present in the different suspensions. 

2. Viability of the cells may have some effect upon the enzymic activity of 
bacterial suspensions. This and previous work indicates that the activities of the 
formic, lactic and succinic enzymes are relatively independent of viability, and 
that the enzymic activities for glucose and the amino-acids are more affected by 
cellular viability. The activities of the tryptophan, alanine and leucine enzymes 
may vary considerably from suspension to suspension even though the number of 
viable cells remains about 80% of the total. 

3. The great variation in enzymic activity exhibited by organisms grown upon 
the same medium seems to be most directly associated with the phase of growth 
of the bacterial population at the time when the cells are harvested. 

4. During the lag phase in the growth of a bacterial population the cell 
appears to be in a state of structural fluctuation which results in the develop- 
ment within the cell of dehydrogenase systems of a high degree of enzymic 
activity, which reaches a maximum, under the experimental conditions used, 
during the logarithmic phase; the falling off in enzymic activity which occurs 
towards the end of this phase continues during the stationary stage and the 
period of decline. 


Our thanks are due to the Medical Research Council for a personal grant to 
one of us (V. G.) and for a grant towards the expenditure entailed in this work. 
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ALTHOUGH the carotenoid pigments of land plants and of algae and other 
aquatic cryptogams have been the subject of numerous investigations, little 
attention has been given to the pigments of aquatic phanerogams. Rhodo- 
xanthin, isolated from the berries of the yew tree (Taxus baccata) and thoroughly 
characterized by Kuhn & Brockmann [1933], was first detected by Monteverde 
[1893] in a pondweed (Potamogeton natans) and subsequently obtained in crystal- 
line form from this source by Monteverde & Lubimenko [1913]. Elodea canadensis, 
the subject of the present work, was examined by microchemical methods by 
Tammes [1908], and by van Wisselingh [1914], and the presence of some 
carotenoid pigment in the leaves of the plant was demonstrated but no con- 
clusion was reached regarding its nature. 

A search of the literature revealed no other studies of the pigments of flowering 
water plants, so that the present investigation appears to open up a new field 
for research in connexion with the survey of plant carotenoids. 

In the course of a large-scale investigation of the carotenoids from the 
leaves of Elodea canadensis there has been isolated, in addition to carotene, a 
new xanthophyll (for which the name eloxanthin is proposed) isomeric with 
flavoxanthin [Kuhn & Brockmann, 1932]. Elementary analysis agrees with the 
formula C,,H;,0,, in harmony with Zerewitinov determinations indicating three 
active hydrogen atoms per mol. Catalytic hydrogenation indicates the presence 
of eleven double bonds, of which nine must be in conjugation since the absorption 
spectrum maxima (502, 472, 444 my in carbon disulphide) lie close to those of 
taraxanthin (501, 469, 441 my [Kuhn & Lederer, 1931; 1932]) and violaxanthin 
(500-5, 469, 440 mp [Kuhn & Winterstein, 1931]). Unlike flavoxanthin, the 
pigment gives no colour reaction with 25 % hydrochloric acid. When crystallized 
from methyl alcohol it appears to retain alcohol of crystallization but this is 
removed on drying at 100° for half an hour in vacuo. The optical rotation is 
strongly positive, [«]/*}=+225° (in benzene). 


EXPERIMENTAL 


The fresh pondweed (5 cwt. wet) was air-dried and extracted with ether. 
The pigment, transferred to light petroleum (B.P. 70—-80°), was saponified by 
refluxing for 2 hours with 2% methyl alcoholic KOH. The non-saponifiable 
matter was ether-extracted, the ether was removed and replaced by methyl 
alcohol; on concentrating heavily sitosterol and hentriacontane separated and 
were removed. The filtrate was evaporated on the steam-bath and the dark red 
oily residue was washed with successive small quantities of cold methyl alcohol. 
The xanthophyllic constituents dissolved, leaving a dark coloured semi-solid 
mass consisting of carotene and hentriacontane. 
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Carotene fraction. This residual pigmented mass, after adsorption on 
alumina from a solution in light petroleum (B.P. 70-80°), yielded crystalline 
carotene (M.P. 175° uncorr., maxima in light petroleum 481, 451 my) and traces 
of the new xanthophyll (maxima in carbon disulphide 502, 472, 446 my; in 
petroleum 473, 444 my). 

Xanthophyll fraction. The methyl alcohol solution was evaporated to dryness. 
The pigment, redissolved in a mixture of benzene and light petroleum (1 : 5) and 
adsorbed on alumina, formed a three-zoned chromatogram. 

The lowest zone yielded a little crystalline carotene (M.p. 176° uncorr., 
maxima in light petroleum (B.P. 70—80°) 481, 451 my), while the pigment of the 
very weak middle zone showed only an indefinite spectrum. 

The carotenoid from the main (upper) zone, eluted with methyl alcohol, 
was precipitated under a layer of light petroleum by careful addition of water, 
filtered off and washed several times with a little warm petroleum (B.P. 70—80°). 
This redissolved very little of the solid. When the crude pigment (m.P. 105°) 
was recrystallized twice from methyl alcohol, the mM.p. rose to 181-182° 
(uncorr.). This purified material was again recrystallized from methyl alcohol 
with a trace of ether, and well-formed glistening bronze leaflets were obtained, 
M.P. 182-5-183° (corr. Berl block, evacuated tube). The crystallization was 
carried out in stages; the successive fractions were analysed separately to test 
the homogeneity of the product and gave the following results. 


Fraction Wt. (mg.) C (%) H (%) 
(i) 40 82-1 9-7 
(ii) 150 82-3 9-3 
(iii) 70 82-1 9-5 
Cale. for CypH;,05 _— 82-1 9-7 


The three oxygen atoms are all hydroxylic. (Found (Zerewitinov) 3-03, 3-03 
active H atoms.) These latter determinations, together with catalytic hydrogena- 
tion experiments indicating 10-5 and 11-6 double bonds were kindly performed 
by Drs Roth and Moller of Heidelberg. 

As a final test of homogeneity [compare Kuhn & Lederer, 1931] a portion of 
the pigment was adsorbed on calcium carbonate from petroleum containing a 
little benzene; it formed a single zone firmly held in the first cm. of the 
tower. By washing with benzene-petroleum (1 : 4) the zone was spread out over 
a depth of 15 cm.; sections (1 cm. deep) from the top and bottom were separately 
eluted and the two solutions were compared spectroscopically, the following 
maxima being obtained (in carbon disulphide) : 


Solution before adsorption ... axe 503, 472, 444 my 
Top fraction ... ai eas was 503, 472, 445 my 
Bottom fraction de ies «ue 502, 472, 443 my 


Similar phenomena were observed on readsorbing a second portion of the 
pigment on calcium carbonate from carbon disulphide solution. There is thus 
no evidence of heterogeneity. 

SUMMARY 

A new xanthophyll, isomeric with flavoxanthin, has been isolated from the 
leaves of the flowering pondweed Elodea canadensis. It is accompanied by 
carotene; lutein, the normal leaf xanthophyll, was not detected. 

Elementary analysis agrees with the formula C,)H;,0,, Zerewitinov deter- 
minations indicate the presence of three hydroxyl groups and catalytic hydro- 
genation shows the molecule to possess eleven double bonds. The light absorp- 
tion data suggest that only nine of the double bonds are in conjugation. 
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TuE determination of pentosans in plant materials has long been a subject of 
controversy. These bodies are estimated indirectly from the amount of furfur- 
aldehyde obtained by distilling a known weight of the parent plant material 
with 12° HCl under standard conditions. If the furfuraldehyde is to be deter- 
mined gravimetrically much will depend on the choice of a precipitant. In recent 
years there has been a tendency to discontinue the use of phloroglucinol for this 
purpose and to use in its stead thiobarbituric acid as originally suggested by 
Dox & Plaisance [1916] or, alternatively, diphenylthiobarbituric acid as recently 
suggested by Tischtschenko & Koschkin [1934]. The use of thiobarbituric acid 
has been stated to overcome all the objections raised against phloroglucinol. For 
instance, Dox & Plaisance [1916] have shown that the condensation product 
formed with furfuraldehyde is of constant composition. No solubility correc- 
tions are considered to be necessary, and above all, the presence of hydroxy- 
methylfurfuraldehyde in the hydrochloric acid distillate is stated not to interfere 
with the estimation of furfuraldehyde, since the condensation product 5-(hydroxy- 
methyl)-furfurylidenemalonylthiocarbamide is soluble under normal experi- 
mental conditions. By some workers the condensation product of furfuraldehyde 
and thiobarbituric acid is considered to be easily separable from the hydrochloric 
acid system by filtration. 

Thiobarbituric acid has not been used to any great extent in analytical work 
connected exclusively with wood and the authors have therefore deemed it 
desirable to examine critically several aspects of the determination of furfur- 
aldehyde by means of this reagent so that it may be compared in efficacy with 
phloroglucinol. For the present the general question of the expression of the 
results of furfuraldehyde determinations in terms of pentosans, uronic acids etc. 
has been left aside as this raises issues which had best be dealt with in a subse- 
quent communication. 






























EXPERIMENTAL 









It is axiomatic that, in furfuraldehyde determinations, the conditions of the 
initial distillation with 12° HCl should be rigidly standardized. So far as wood 
chemistry is concerned this has been realized for many years [Schorger, 1926, 
p. 534], but the point has recently been re-emphasized by Angell et al. [1936]. 
The method of distillation used here was essentially that recommended by 
Schorger [1926, p. 534 et seq.], except that the distillate was passed through a 
vertical, coiled condenser. 
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Estimation of pure furfuraldehyde 


A sample of furfuraldehyde (B.D.H. preparation) was purified first by distilla- 
tion under atmospheric pressure and, immediately before use, by redistillation 
in vacuo, generous head and tail fractions being discarded. The clear, colourless 
liquid had B.P. 72-5° at 39 mm. and refractive index 1-5245 at 23°. A weighed 
quantity of the pure substance was dissolved in 12% HCl and made up to a 
known volume with the acid. Aliquots of the solution were made up to 360 ml. 
with 12° HCl and the furfuraldehyde was estimated by precipitation (1) with 
40 ml. of phloroglucinol (AnalaR) solution according to the method of Schorger 
[1926, p. 535], and (2) with twice the theoretical quantity of thiobarbituric acid 
(supplied by B.D.H.) dissolved in warm 12% HCl (Table I). 


Table I. Direct estimation of pure furfuraldehyde 





Phloroglucinol Thiobarbituric acid 
a ea » a 
Reagent (1) (2) (3) (4) (1) (2) (3) (4) (5) (6) (7) (8) 
Furfurald. taken, g. 0-0544 0-0544 0-04974 0-04974 0-04974 0-04974 0-05124 0-05124 0-1066 0-1066 0-1066 0-106 
Wt. of ppt., g. 0:1015 0-1030 0-0921 0-0922 0-1201 01187 0-1228 0-1221 0-2582 0-2565 0-2577 0-256) 


Furfurald. recovered, 0-0554 0-0562 0-0505 0-0506 0-0519 0-0514 0-0531 0-0528 0-1116 0-1109 0-1114 0-1108 


g. 
g. 


% recovery 101-8 103-3 1015 101-6 1043 103-1 103-6 103-0 104-7 1040 1044 1039 


For comparative purposes aliquots of pure furfuraldehyde were diluted to 
100 ml. with 12% HCl and, after distillation according to the procedure outlined 
above, estimated by means of both phloroglucinol and thiobarbituric acid 
(Table II). 


Table II. Estimation of pure furfuraldehyde after distillation with 12°), HCl 


Phloroglucinol method 


Furfurald. taken, g. 0-1141 0-1141 0-1141 0-1141 0-02508 0-02508  0-05047 0-05047 
Wt. of ppt., g. 0-2014 0-2030 0-2015 0-2045 0-0416 0-0417 0-0907 0-0902 
Wt. furfurald. recovered, g. 0-1072 0-1080 0-1073 0-1088 0-0243 0-0244 0-0498 0-0495 
o% recovery 93-96 94-65 94-03 95-37 96-9 97-3 98-7 98-1 
Thiobarbituric acid method 
Furfurald. taken, g. 0-1066 0-1066 0-1066 0-1066 0-0861 0-0861 0-0861 
Wt. of ppt., g. 0-2514 0-2508 0-2503 0-2521 0-1964 0-1968 0-1954 
Wt. of furfurald. recovered, g. 0-1087 0-1084 0-1082 0-1090 0-08496 0-08511 —0-08433 
% recovery 102-4 101-7 101-5 102-6 98-7 98-9 98-0 


In every case furfuraldehydephloroglucide could be collected readily in a 
Gooch crucible with asbestos mat but this was not the case with furfurylidene- 
malonylthiocarbamide. Owing to the extreme slowness with which this latter 
substance could be separated by filtration at the pump it was found expedient 
to use alundum crucibles (porosity RA 360) for this operation. Even then, 
collection was a much slower operation than in the case of the phloroglucide 
precipitates. Washing of the furfurylidenemalonylthiocarbamide was difficult. 

In some cases after washing the precipitate with 500 ml. of water the filtrate 
was still acid to litmus although it gave no precipitate with silver nitrate. A 
neutral filtrate was obtained only by finally washing with a small quantity of 
water at 40-50°. This latter practice is not recommended, however, since 
although the condensation product is insoluble in cold water it is slightly soluble 
in hot water. Moreover it is also slightly soluble in cold 12% HCl. In these and 
subsequent experiments furfuraldehydephloroglucide was converted to furfur- 
aldehyde by means of Kréber’s [1900] tables and the weight of furfurylidene- 
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malonylthiocarbamide was similarly converted by multiplying by the factor 
0-4324. 

The results in Table IT indicate that a certain amount of furfuraldehyde was 
lost during the distillation. The results obtained with both reagents vary con- 
siderably among themselves, however, and this is attributed to the fact that 
precipitation was allowed to take place in beakers covered only by clock glasses. 
In all subsequent work greater consistency was attained by allowing precipita- 
tion to take place in stoppered Erlenmeyer flasks. Consideration of the results 
obtained by using phloroglucinol as precipitant in Tables II, VI and IX suggests 
that the loss of furfuraldehyde during one distillation is of the order of 1-6%%. 
Angell et al. [1936] estimate this loss at about 1%. 


Purification of thiobarbituric acid 


Up to this stage the thiobarbituric acid as supplied by Messrs B.D.H. was 
used without further purification since it conformed to the requirements of 
Dox & Plaisance [1916]. In view however of the high results recorded in 
Tables I and II and the fact that the reagent developed an unpleasant odour on 
standing in a sealed container, it was purified as required by dissolving in dilute 
aqueous sodium hydroxide, filtering and acidifying with dilute hydrochloric 
acid. After standing at 10° for several hours, pure thiobarbituric acid settled out 
in crystalline form. After filtration, washing with water and drying at 105° the 
reagent was odourless and almost colourless. It was used in this form in all 
subsequent experiments. 

The results in Table III amply demonstrate the advisability of using thio- 
barbituric acid in pure form. 


Table III. Estimation of pure furfuraldehyde (after distillation with 12°), HCl) 
by means of purified thiobarbituric acid 


Fur- Fur- Fur- 
Furfurald. furald. furfurald. furfurald. 
taken Wt.of recovered % taken Wt. of recovered % 

g. ppt., g. g. recovery g. ppt., g. g. recovery 

0-0868 0-2001 0-0865 99-7 0-1226 0-2828 0-1223 99-8 

0-0868 0-2022 0-0874 101-0 0-1226 0-2833 0-1225 99-9 

0-0868 0-2002 0-0866 99-7 0-1226 0-2841 0-1230 100-3 

0-0868 0-2030 0-0878 101-5 0-1226 0-2826 0-1222 99-7 

0-09584 0-2226 0-0963 100-4 0-05047 0-1184 0-05130 101-5 
0-09584 0-2219 0-0960 100-1 0-05047 0-1166 0-05043 99-93 

0-09584 0-2223 0-0961 100-3 0-0945 0-2187 0-0946 100-1 

0-0945 0-2206 0-0954 100-9 

0-0945 0-2205 0-0953 100-8 

0-0945 0-2210 0-0956 101-1 


The condensation products obtained from the acid distillates of pure sugars 


Small samples of pure glucose, sucrose and mannose were separately distilled 
with 12% HCl in the usual way, and in each case the addition of thiobarbituric 
acid to the distillate produced a golden yellow coloration which deepened to 
amber. The only sugar the distillate from which gave a slight precipitate with 
the reagent was mannose but only when 0-5 g. or more of the sugar was used. 
The presence of hydroxymethylfurfuraldehyde was confirmed in each case by 
the resorcinol and aniline acetate tests. It was established that the acid distillate 
from 0-5 g. mannose also gave a slight precipitate with phloroglucinol. 
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Estimation of the furfuraldehyde obtained on distilling various woods with 
12°), HCl 


(a) Hardwoods. Weighed samples of the hardwoods mentioned in Table IV 
were distilled with 12% HCl under the usual conditions and the furfuraldehyde 
was estimated by each of the two reagents. 1 g. (air-dry) samples were used in 


Table IV. Yields of furfuraldehyde from three hardwoods on distillation with 
12°/, HCl 


Jarrah (Eucalyptus 


Beech (Fagus sylvatica L.) marginata Sm.) Oak sapwood (Quercus sp.) 
P A eee A 





‘ ¢ ™~ f 
Thiobarbituric Thiobarbituric Thiobarbituric 
Reagent Phloroglucinol acid Phloroglucinol acid Phloroglucinol acid 


A— —— 
Y a os Om Sf \ WW 


wt. of 0-8977 0-4489 0-8847 0-4424 0-8884 04442 


( ven-dry 
wood, g. 

Oven-dry wt. of 0-2355 0-2332 0-1447 0-1450 0-1286 0-1300 0-0799 0-0810 0-2224 0-2247 0-1392 0-1393 
ppt., g. 

Furfurald. as °% of 13-90 13-77 13-94 13-96 7-8 7-92 “Be 7 13-28 13-43 13:55 13-55 
oven-dry wood 

Mean % yield of 13-84 13-95 ‘ 4 13-36 13-55 
furfurald. 


conjunction with phloroglucinol, and 0-5 g. samples with thiobarbituric acid 
because of the comparative bulkiness of the furfurylidenemalonylthiocarbamide 
precipitate. The latter was flocculent and of yellow colour in each case. 

(b) Softwoods. In the course of the estimation of furfuraldehyde obtained by 
distilling weighed samples of softwoods with 12 °% HCl several important features, 
which do not appear to have been recorded previously, were brought to light. 
When phloroglucinol was added to the distillates obtained from the woods 
mentioned in Table V the precipitates were all normal in appearance but the 


Table V. Yields of furfuraldehyde from four softwoods on distillation 
with 12°), HCl 


Sitka spruce (Picea sitchensis Carr.) Douglas fir (Pseudotsuga tazifolia Brit.) 
A 





) a | \ 
Reagent Phloroglucinol Thiobarbituric acid ; Phloroglucinol Thiobarbituric acid 


Oven-dry wt. of wood, g. 1-8114 0-9057 1-8114 0-9057 


Oven-dry wt. of ppt., g. 0-1656 0-1633 0-0700 0-0696 0-1760 0-1717 0-0915 0-0869 

Apparent furfurald. as % 4:89 4-83 3-34p 3-32p 5-19 5-07 4:38p 4-lip 
of oven-dry wood 

Mean °% yield of apparent 4-86 3-33 5-13 4:27 


furfurald. 
African pencil cedar (Juniperus procera Hochst.) Cypress pine (Callitris robusta R.Br.) 
A A... 








a 
Reagent Phloroglucinol Thiobarbituric acid Phloroglucinol Thiobarbituric acid 
’ - 7 a aT 
Oven-dry wt. of wood, g. 0-7112 0-7112 0-8813 0-4407 
Oven-dry wt. of ppt., g. 0-0898 0-0900 0-1123 0-1650 0-1635 0-0913 0-0913 
Apparent furfurald. as % 6-93 6-94 6-83p 10-0 9-9 8-96 8-96 
of oven-dry wood 
Mean % yield of apparent 6-94 6-83 9-95 
furfurald. 





8-96 


supernatant liquors were much darker in colour than those obtained with either 
pure furfuraldehyde or the hardwoods examined. The precipitates formed in 
the distillates from Sitka spruce, Douglas fir and African pencil cedar on the 
addition of thiobarbituric acid were of a coarse granular texture in contrast to 





DETERMINATION OF FURFURALDEHYDE 539 


the flocculent precipitates formed in the distillates from pure furfuraldehyde 
and the hardwoods examined. The supernatant liquors were of a dark amber 
colour. The precipitate formed in the distillate of Cypress pine was an exception, 
however, since it was of the flocculent type. 

The phloroglucide precipitates were readily collected by the normal pro- 
cedure, but all attempts to collect the furfurylidenemalonylthiocarbamide 
precipitates quantitatively from Sitka spruce, Douglas fir and African pencil 
cedar, on either Gooch or alundum crucibles, proved fruitless. At a certain 
stage in the washing with water the precipitates became peptized and part of 
them passed into the filtrate as a yellow colloidal solution from which the 
disperse phase was precipitated on coming into contact with hydrochloric acid. 
Increasing amounts of the precipitates were dispersed if washing were continued. 
It was observed that a hydrochloric acid solution of 5-(hydroxymethyl)- 
furfurylidenemalonylthiocarbamide derived from the acid distillate from 0-5 g. 
of pure mannose showed no signs of turbidity on excessive dilution with water, 
so that the phenomenon mentioned above can only be ascribed to the peptization 
of the true furfuraldehyde condensation product. The precipitate obtained 
from Cypress pine filtered slowly but it was not observed to peptize on continued 
washing with cold water. The results for the four softwood species examined are 
recorded in Table V, the letter ‘“p”’ being used to designate precipitates which 
became peptized during washing. 

In view of the difficulties experienced in connexion with filtration it is 
obvious that, with the exception of the results for Cypress pine, little reliance 
can be placed on the results obtained by using thiobarbituric acid as a precipitant 
for furfuraldehyde in the presence of hydroxymethylfurfuraldehyde (Table V). 
It would appear that, in the circumstances, the error introduced by the presence 
of this latter substance can only be overcome by submitting the original acid 
distillate to a second distillation as recommended by Antoniani [1928] and others. 
This view is confirmed by the results of the following experiments. 


Estimation of furfuraldehyde in the redistilled acid distillates from 
three softwoods 


Since redistillation of the first distillate must inevitably involve a loss of 
furfuraldehyde the following experiments were carried out with pure furfur- 
aldehyde in order to assess this loss. Aliquots were distilled with 12°% HCl in 
the usual way and estimations were made on a portion of each distillate by 
means of both precipitants. Similar estimations were made on another portion 
of each distillate after redistillation (Table VI). 


Table VI. The effect of two distillations with 12°/, HCl on the estimation 
of pure furfuraldehyde 


After one distillation After two distillations 
A ee 





‘ c 4. c 


Reagent 


f ‘ f . . . . . 
Phloroglucinol Thiobarbituric acid Phloroglucinol Thiobarbituric acid 
KX 


+ 


~~ 
Wt.of furfurald. taken, g. 0-0573 00573. «(00-0573 ~—-0-0573 00573 0-0573 ~=—(0-0573 0-0573 


e 


t. of 


t., g. 0-1032 0-1033 Filtration too tedious 0-0974 0-0980 0-1310* 0-1312* 
“Wtoffurfurald. recovered,  0-0563 0-0564 to be completed in 0-0533 0-0536 0-0566 0-0567 


1 day 


picovery 98-3 98-5 — — 93-0 935 98-8 
Mean % recovery 98-4 _ 93-3 98-9 


* Volume of wash water restricted to 150 ml. 
Biochem. 1937 xxx1 34 


98-9 
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It will be observed (Table VI) that approximately 5-15% of the furfur- 
aldehyde estimated by means of phloroglucinol after one distillation is lost 
during the second distillation. Antoniani [1928] assessed this loss at 7%. 
Strictly comparable figures are not available for the thiobarbituric acid method 
of estimation from Table VI alone, but reference to Table III enables us to assess 
the apparent loss of furfuraldehyde during the second distillation at approxi- 
mately 1%. Since the washing of the precipitates (Table VI) was admittedly 
inadequate this figure of 1 % is of little significance. 

The yield of furfuraldehyde from each of three of the above- mentioned soft- 
woods was now estimated after redistilling portions of the original acid distillates, 
In order to allow for losses of furfuraldehyde the results obtained by the phloro- 
glucinol method were multiplied by 100/94-9 and those obtained by the thio- 
barbituric acid method were multiplied by 100/99 (Table VII). In the latter 


Table VII. Yields of furfuraldehyde from three softwoods after two 
distillations with 12°/, HCl 


Sitka spruce Douglas fir African pencil cedar 


Phloro- Thiobarbituric Phloro- Thiobarbituric Phloro- Thiobarbituric 
glucinol acid glucinol acid glucinol acid 
Reagent Oo Oe SS ae eee 


Oven-dry wt. of sample, 0-9057 0-9057 0-9057 0-9057 0-9057 0-9057 0-9057 0-9057 0-7112 0-7112 0-7112 07112 
Wt. of ppt., g. 0-0534 0-0542 0-0753 0-0736p 0-0548 0-0552 0-0720p 0-0665p 0-0779 0-0798 0-1123p 0-1158 
Vol. of wash w. ater,ml. 150-0 150-0 135-0 1700 1500 1500 160-0 2300 1500 1500 1500 1500 
Furfurald. as %ofoven- 3:36 340 358 3-51 3-44 3-46 3-48 3:18 608 6-18 683 67-00 
dry wood (A) 
*Total furfurald.as%of 3:54 358 362 355 362 365 351 321 641 651 690 = T0 
oven-dry wood 
Mean °, total furfurald. 3-56 3-59 3-64 3-36 6-46 6-99 


* By phloroglucinol method total furfuraldehyde =A x 100/94-9. 
By thiobarbituric acid method total furfuraldehyde = A x 100/99. 
““p” designates precipitates which became peptized. 


method the volume of wash water was carefully controlled. It was observed that, 
after the second distillation, the precipitate formed on adding thiobarbituric 
acid was of the normal, flocculent type. Nevertheless the liability to become 
peptized was not entirely eliminated. 


Diphenylthiobarbituric acid as a precipitant for furfuraldehyde 


The following experiments were carried out in order to test the conclusion of 
Tishchtschenko & Koschkin [1934] concerning the suitability of diphenylthiobar- 
bituric acid as a precipitant for furfuraldehyde. A sample of the reagent, 
prepared by the method recommended by the above authors, was obtained from 
Messrs B.D.H. and purified by crystallization from benzene. The purified com- 
pound sublimed on heating to:204—205° and condensed in the form of long, silky 
needles. This latter form showed signs of decomposition at 241° and melted 
with complete decomposition at 251°. The substance dissolved readily in 
4°% aqueous ammonium acetate to form a colourless solution. 

Estimation of pure furfuraldehyde. Aliquots of a hydrochloric acid solution 
of pure furfuraldehyde were distilled with 12° HCl according to standard 
procedure and the furfuraldehyde in the distillates was precipitated by adding 
2-5 times the theoretical quantity of freshly purified reagent dissolv ed in 4% 
aqueous ammonium acetate. The precipitate in each case filtered readily and 
was collected in an alundum crucible (R.A. 360). It was then washed with 
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50 ml. of a boiling, weakly acid 4% solution of ammonium acetate, followed by 
20 ml. of cold water, and dried at 105° according to the directions given by 
Tischtschenko & Koschkin [1934]. The results are recorded in Table VIII. 


Table VIII. Estimation of pure furfuraldehyde after distillation with 
12°), HCl by means of diphenylthiobarbituric acid 


(1) (2) 
Wt. of furfurald. taken, g. 0-02508 0-02508 
Wt. of ppt., g. 0-1081 0-1082 


Calculated wt. of ppt., g. 0-1213 


After completing the determinations (Table VIII), the precipitates were 
each treated with a further 50 ml. of the hot ammonium acetate solution, 
followed by cold water, and then dried and weighed. This resulted in a loss of 
5-1 mg. from the first precipitate and 5-6 mg. from the second. The low results 
in Table VIII suggest either that the condensation product formed between 
furfuraldehyde and diphenylthiobarbituric acid is soluble in hot aqueous 
ammonium acetate or that the constitution assigned to it by the above authors 
is incorrect. Confirmation of these suggestions is forthcoming from the results 
in Tables IX and X despite the fact that here the condensation product formed 
with diphenylthiobarbituric acid was washed with cold ammonium acetate 
solution followed by cold water. 


Table IX. Comparative efficacies of phloroglucinol, thiobarbituric and diphenyl- 
thiobarbituric acids as precipitants for pure furfuraldehyde after distillation 
with 12°), HCl 

Diphenylthiobarbituric 
Reagent Phloroglucinol Thiobarbituric acid acid 
(AN, er p ~ ~ me ‘ 
Wt. of furfurald. 0-05047 0-05047 0-05047 0-05047 0-05047 0-05047 
taken, g. 
Wt. of ppt., g. 0-0907 0-0902 0-1184 0-1166 0-2208 0-2146 
Furfurald. re- 0-0498 0-0495 0-05125 0-05043 0-0458 0-0446 
covered, g. 
% recovery 98-67 98-08 101-5 99-93 90-75 88-37 
Mean % recovery 98-38 100-7 89-56 





Table X. Estimation of furfuraldehyde in the acid distillate from Jarrah 
wood by means of diphenylthiobarbituric acid (cf. Table IV) 
Oven-dry wt. of wood sample, g. 0-4424 0-4424 
Wt. of ppt. (P), g. 0-1547 0-1529 
Wt. of furfurald., g. =P x (96/464) 0-0320 0-0316 

Furfurald. as % of oven-dry wood 7-23 7-14 


Mean % furfurald. 7-19 


DISCUSSION OF RESULTS 


In view of the widespread belief concerning the suitability of thiobarbituric 
acid as a precipitant for furfuraldehyde many of the foregoing results were 
unexpected. Since however we have no reason to doubt their accuracy it is 
patent that the claims advanced for the superiority of thiobarbituric acid over 
phloroglucinol for the estimation of furfuraldehyde obtained by the acid distilla- 
tion of woods are premature and unfounded. It is a matter for comment that, 
even when dealing with pure furfuraldehyde, Dox & Plaisance [1916] and 
several subsequent investigators, including the authors (Tables II and III), 
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record recoveries of more than 100% on treating the acid distillate with thio- 
barbituric acid, although it is obvious from Tables I and II that a certain amount 
of furfuraldehyde must be lost either during the distillation itself or subsequently. 
Even when highly purified thiobarbituric acid is used (Table III) it has been 
shown that it is extremely difficult to wash the furfuraldehyde condensation 
product entirely free from the excess of reagent. In fact it would appear that 
sorption of part of the reagent by the condensation product is a factor to be 
reckoned with. This, coupled with the observation that the condensation product 
is slightly soluble in 12% HCl, introduces the possibility that recoveries of 
furfuraldehyde which approximate to 100% by the thiobarbituric acid method 
may be to some extent fortuitous and due to a compensation of errors of sorption 
and solubility. 

It is clear that sorption is probably also involved in the estimation of 
furfuraldehyde by the phloroglucinol method since, in the absence of distillation, 
recoveries amount to over 100% (Table I). Nevertheless, it is claimed that, 
under rigidly standardized conditions, this method is capable of yielding 
reasonably satisfactory results. Perhaps the chief advantage of the method is 
that the phloroglucide can be collected and washed with comparative ease. 

It has been amply demonstrated in previous work that the inaccuracy intro- 
duced by the presence of hydroxymethylfurfuraldehyde in the acid distillates is 
of prime importance in connexion with the determination of the furfuraldehyde 
yields from woods. Schorger [1926, p. 533] has stated that under the standard 
conditions of distillation the formation of hydroxymethylfurfuraldehyde is not 
of great importance. On the other hand Gierisch [1925], in supporting the view 
of Erdmann [1910] that at 160° pure hydroxymethylfurfuraldehyde is decom- 
posed into formaldehyde, states that, when formed from carbohydrates, 
hydroxymethylfurfuraldehyde does not decompose in this way. Both beech 
and spruce woods gave rise to sufficient hydroxymethylfurfuraldehyde during 
distillation with hydrochloric acid to render the results obtained for furfur- 
aldehyde by means of phloroglucinol substantially higher than those obtained 
by means of barbituric acid. It is obvious, however, that, for the hardwoods, 
including beech, dealt with in the present investigation (Table IV), if hydroxy- 
methylfurfuraldehyde were formed it was without influence on the furfuraldehyde 
determination since the results obtained by the phloroglucinol and _thio- 
barbituric acid methods were in close agreement. The flocculent nature of 
the furfurylidenemalonylthiocarbamide precipitate and the pale lemon yellow 
colour of the supernatant liquor obtained from the hardwoods strongly suggested 
the absence of hydroxymethylfurfuraldehyde from the distillates. 

It is remarkable that with three of the softwoods examined (Table V) the 
precipitate formed on adding thiobarbituric acid to the distillate assumed a 
granular, instead of the normal flocculent form cbtained with pure furfur- 
aldehyde, and this was associated with a dark amber colour in the supernatant 
liquor. In contrast to the other softwoods Cypress pine gave the normal type of 
precipitate and supernatant liquor. The colours of the respective supernatant 
liquors, coupled with the results in Table V, strongly suggest that hydroxymethyl- 
furfuraldehyde was present in appreciable quantities in the distillates from Sitka 
spruce, Douglas fir and African pencil cedar, but not in the distillate from 
Cypress pine. The first three species are known to contain mannan [Schorger, 
1926, pp. 164, 165, 354; Nowotnowna, 1936] from which hydroxymethyl- 
furfuraldehyde could readily be derived. Unfortunately, sufficient evidence is 
not available to indicate why the granular type of precipitate obtained from the 
softwoods referred to became peptized during washing. At first sight it appears 
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that peptization might have been aided by hydroxymethylfurfuraldehyde or its 
condensation product with thiobarbituric acid, but it is clear from the data in 
Table VII that redistillation of the original acid distillate, which is reputed to 
decompose hydroxymethylfurfuraldehyde, does not eliminate the difficulty. 
Kline & Acree [1932] have referred to this phenomenon and have suggested 
washing the precipitate with hydrochloric acid, but the authors are satisfied that 
the tendency towards peptization is not entirely eliminated by this expedient. 
It is conceivable that, where peptization of the precipitate occurs, the causal 
agent may be a minor wood component, such as an oil, which is volatile under 
the conditions of the acid distillation. This possibility could readily be tested by 
carrying out furfuraldehyde estimations on specific woods before and after 
extraction with neutral solvents such as alcohol : benzene, ether etc. 

From the foregoing considerations it must be concluded that no entirely 
satisfactory method of estimating gravimetrically the furfuraldehyde yields from 
woods has yet been discovered but, since a choice of precipitant must be made, 
phloroglucinol is still to be preferred to thiobarbituric acid for reasons which have 
been given. In all cases in which hydroxymethylfurfuraldehyde is likely to be 
produced the first distillate should be redistilled before attempting to precipitate 
the furfuraldehyde as phloroglucide, due allowance being made for the losses 
incurred during the second distillation. An arbitrary factor for correcting the 
result obtained after the second distillation obviously cannot be given as this is 
likely to vary somewhat among different investigators. For the present it is 
suggested that each investigator should determine his own factor experimentally. 

At this stage the authors are not in a position to make more than a passing 
comment on the work of Angell e¢ al. [1936] in which the validity of Kréber’s 
tables [1900] as a means of converting the weight of phloroglucide to xylan, 
araban etc. is questioned. It is observed, however, that the weights of phloro- 
glucide obtained by the above authors from the acid distillates of a series of 
samples of xylose are in all but one case identical with the corresponding data 
given in Kréber’s tables, whereas in the case of arabinose there is no agreement 
between the weights of phloroglucide obtained and the corresponding data in 
Kréber’s tables. Work is at present in progress in which the findings of Angell 
et al. [1936] will be examined. 

It is conceded that the principal objection to the use of phloroglucinol still 
remains in the fact that the condensation product formed with furfuraldehyde may 
not be of constant composition. It is therefore to be hoped that an alternative 
precipitant with which this objection is not associated will ultimately be found. 
The authors are prompted to suggest in this connexion that further investigation 
of the possibilities of diphenylthiobarbituric acid should be made. The indica- 
tions are that the condensation product formed between this substance and 
furfuraldehyde may be of constant composition and it can readily be separated 
from the mother-liquors by filtration. A satisfactory method of washing the 
precipitate however remains to be found. 


SUMMARY 


1. A critical study has been made of the gravimetric estimation of furfur- 
aldehyde by means of thiobarbituric acid and this substance is compared in 
efficacy with phloroglucinol as a precipitant for general use in the analysis of 
woods. 

2. Whereas furfuraldehydephloroglucide can be collected and washed with 
comparative ease this is not the case with furfurylidenemalonylthiocarbamide. 
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3. It is suggested that the uniformly high results obtained in furfuraldehyde 
estimations by means of thiobarbituric acid may be due to some extent to a 
compensation of errors of sorption of reagent by the furfuraldehyde condensa- 
tion product and the slight solubility of the latter in 12° HCl. 

4. Distillation of certain hardwoods and at least one softwood with 12% 
HCl under standard conditions gives rise to little or no hydroxymethylfurfur- 
aldehyde so that the substitution of thiobarbituric acid for phloroglucinol as a 
precipitant for furfuraldehyde conveys no special advantage in such cases. 

5. Certain softwoods have been shown to yield appreciable quantities of 
hydroxymethylfurfuraldehyde on distillation with 12°, HCl and in such cases 
the furfurylidenemalonylthiocarbamide precipitate assumes a granular, in 
contrast to the normal flocculent, form. 

6. In its granular form furfurylidenemalonylthiocarbamide is readily 
peptized during washing with cold water and cannot be collected quantitatively 
by the ordinary filtration procedure. 

7. The difficulties mentioned in 2, 3 and 6 above provide strong objections 
to the adoption of thiobarbituric acid as a general precipitant for furfuraldehyde 
in the analysis of woods. 

8. It is suggested that further research may prove the suitability of 
diphenylthiobarbituric acid as a precipitant for furfuraldehyde in analytical 
work. 


We are indebted to the Department of Scientific and Industrial Research for 
the laboratory facilities and assistance afforded to one of us (L. H. 8.) and to 
the Director of Forest Products Research for permission to communicate these 
results. 
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In the routine estimation of adrenaline in suprarenal or other tissue extracts 
none of the chemical or physiological properties so utilized can be regarded as 
specific to adrenaline. Much work has been done in recent years to decide which 
of these is least liable to error. Notable discrepancies in the results obtained by a 
variety of physiological methods have been recorded by the Tokio School for 
suprarenal extracts from different species of animals [Sugawara, 1928; Watanabe 
& Sato, 1928; Aomura, 1929; Kojima et al. 1932; Sato & Inaba, 1932]. Such 
differences are ascribed to the presence of other physiologically active substances 
which affect different methods in a characteristic way. The possibly serious 
effects on the pressor assay, for example, of choline and acetylcholine (the 
distributions of which in the bovine adrenal gland are given by Feldberg & 
Schild [1934] have been well illustrated by Hunt & Taveau [1911]. The actual 
operation of this factor however in ordinary extracts is doubtful [Sugawara, 
1928]. 

Of the many chemical (colorimetric) methods described, the two now in 
general use depend either on (a) the oxidation of adrenaline preferably by iodine 
or mercuric chloride to a “characteristic” red pigment, or (b) the reduction of 
Folin’s uric acid reagent to a blue derivative. In the first of these, the red colour 
is also given in comparable intensity by allied compounds such as dopa and 
epinine [Ewins, 1910; Maiweg, 1922]. Since there is no satisfactory evidence for 
the presence of such compounds in the adrenal gland the agreement between the 
oxidation method and the pressor assay in this and other papers [Euler, 1933; 
Schild, 1933; Devine, 1936] suggests that both yield substantially correct results. 
On the other hand Folin’s reagent is sensitive to a much wider range of com- 
pounds [Levine & Burns, 1922; Barker et al. 1932] including uric acid, physio- 
logically inactive oxidation products of adrenaline [Maiweg, 1922] and ascorbic 
acid and its application has given rise, more than any other colorimetric method, 
to diverse results. Satisfactory agreement with the pressor assay was observed 
by Folin et al. [1912] and by Stewart & Rogoff [1916] for acid and neutral 
adrenal extracts; abnormally high values for the Folin method by Lewis [1916] 
in foetal bovine glands, by Maiweg [1922] in partially oxidized solutions, by 
Frowein [1923] in the glands of normal and, more especially, “sugar-punctured”’ 
animals, and also by Barker e¢ al. [1932] and by Watanabe & Sato [1928]; while 
on the other hand errors in the reverse direction have been reported by Syden- 
stricker et al. [1914] and Schild [1933]. According to Kojima ef al. [1932] the 
error in excess shown by the Folin method is due to a reducing substance re- 
latively much more concentrated in the cortex than in the medulla. The recent 
identification of this material as ascorbic acid makes it possible to investigate the 
effect quantitatively. Investigation by Lewis [1916] of the error due to uric acid 
was limited to foetal glands, the figures for which are not necessarily applicable 
to the adult tissue. 
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The experiments described in the present paper were undertaken to correlate 
those of previous workers by assessing the combined errors in the Folin assay of 
bovine suprarenal extracts due to ascorbic and uric acids and comparing the 
corrected values with those obtained by other accepted methods, 


METHODS 


The Folin estimation. The colour development of Folin’s reagent depends on 
the temperature [Baker & Marrian, 1927] but chiefly on the final pH of the solu- 
tion. The acid reagent is readily reduced at room temperature by both uric and 
ascorbic acids without addition of alkali, but not by adrenaline which, even under 
neutral conditions, yields a slowly developing violet instead of a blue colour. This 
point is emphasized by Barker et al. [1932] whose modification designed to give 
more consistent results than the original method has been used throughout this 
work. Instead of saturated Na,CO, a definite excess of NaOH is added according 
to the initial acidity of the reagent. The latter was prepared from an “A.R.” 
sample of sodium tungstate freed from molybdenum according to the directions 
of Folin & Trimble [1924] to eliminate the interference of phenolic compounds 
which might be present in the extracts, and 2 ml. were equivalent to 2-84 ml. 
N NaOH. The standard colour solution was therefore made up as follows: 2 ml. 
reagent, 4 ml. adrenaline (1 : 100,000), 4-5 ml. VN NaOH and similarly with the 
extracts, the acidity of which was negligible after suitable dilution. 

Uric acid estimation. A suitable aliquot of each extract was made just 
alkaline to Congo red and the uric acid precipitated by a 50 % excess of 5 % silver 
lactate. After 5 min. in the dark the mixture was centrifuged and the residue 
washed twice with water and finally dissolved by adding 2 ml. 5% LiCl, 3 ml. 
5% NaCN and 5 ml. H,0. The uric acid was then estimated by the Folin method 
by comparison against a similarly constituted standard. The stock solution was 
made according to Benedict & Hitchcock [1915] from a freshly recrystallized 
sample. 

Ascorbic acid estimation. The extracts were titrated against a standard 
indophenol solution; pure ascorbic acid solutions against iodine. In order to 
prevent loss of ascorbic acid from extracts by oxidation during the experiment 
each sample was diluted and treated with the Folin reagent immediately follow- 
ing the estimation of the ascorbic acid in another aliquot. 


RESULTS 
Ascorbic acid error 


The colour-concentration curve of medullary and cortical extracts was first 
obtained by determination of the apparent adrenaline content after addition of 
known amounts of ascorbic acid. The extracts were prepared with 1 % trichloro- 
acetic acid and deproteinized by heating for a short time to boiling. As both 
curves are linear, as illustrated in Fig. 1, titrimetric estimation of the ascorbic 
acid in an extract allows us to calculate the error provided that we know the 
ascorbic acid-adrenaline colour ratio. This is given as 3 : 8 (0-375) by Euler et al. 
[1932] using the original Folin method and the value was confirmed on different 
solutions at two different pH values by the modified version (0-373, 0-389, 
0-371, 0-369, 0-379; mean value 0-376). 

In Table I (Exps. I and II) the corrected Folin estimates for different batches 
of glands are compared with those obtained by the iodine oxidation method 
[Schild, 1933], the nature of the extracts being further confirmed in some cases 
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by estimation of “total catechol” substances [Devine, 1936] or the pressor 
activity on a pithed cat. 


Medulla Cortex 





Apparent adrenaline content mg./g. 


0-5 1-0 
Ratio, ascorbic acid added:adrenaline content 


Fig. 1. Colour-concentration curves showing effect of added ascorbic acid on the apparent 
adrenaline content (Folin estimate). Points A (medulla) and B (cortex) represent the 
average composition of the extracts. 


Table I. mg. material per g. of fresh tissue 


Exp. Ascorbic Adrenaline Apparent Corrected Adrenaline Total Pressor 
no. acid equiv. Folin Folin (iodine) catechol assay 
I. Medulla: 
1 0-58 0-22 9-32 9-10 8-89 10-0 — 
2 0-58 0-22 10-5 10-3 10-3 11-6 — 
3 0-59 0-22 8-97 8-75 — — — 
4 0-75 0-28 12-1 11-8 12-2 13-9 - 
Il. Cortex: 
] 0-59 0-22 0-75 0-53 0-46 — 0-46 
2 0-72 0-27 1-00 0-73 0-52 — 0-47 
3 0-57 0-21 0-78 0-57 0-46 — ae 
4 0-45 0-17 0-78 0-61 0-45 o - 
III. Cortex: 
1 0-08 0-03 0-99 0-96 0-74 — — 
2 0-67 0-25 1-1 0-85 0-62 _ — 
3 0-36 0-13 0-83 0-70 0-60 whi ws 
4 0-16 0-06 1-2 1-1 0-80 — 


The following points are clear: 

(1) In the medulla the ascorbic acid effect is small (about 2 °% in excess) as is 
to be expected from the relatively high concentration of adrenaline. As the 
corrected values are seen to compare very well with those of the iodine method, 
ie. ascorbic acid accounts for the whole of the error, no further analyses were 
made. 

(2) In the cortex the error is much greater depending on the precautions 
adopted to prevent post mortem diffusion of adrenaline from the medulla which, 
according to Watanabe & Sato [1928] and Kojima e¢ al. [1932], is wholly re- 
sponsible for the adrenaline content usually detected. In this case the corre- 
spondence of the corrected Folin with the iodine estimate was unsatisfactory, the 
mean ratio being 1: 1-3 which was recorded again in a similar experiment 
(Exp. ITI). As the bovine cortex contains about 1-8 mg. ascorbic acid per g. 
[Harris & Ray, 1933; Glick & Biskind, 1935] the bulk of this must have been 
destroyed in the extraction process. This suggests that apart from other reducing 
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substances partial oxidation products of ascorbic acid not detectable by indo- 
phenol titration might reduce the Folin reagent. This point was tested as follows. 
(a) The extracts, after analysis, were allowed to stand sealed at 0° until their 
ascorbic acid contents (indophenol titre) were negligibly small. The iodine and 
‘olin estimations were now repeated and also the “total catechol” was estimated. 
The slight loss of adrenaline observed was taken into account in calculating the 
figures in Table II for the fresh solutions supposing that they had contained no 
ascorbic acid. In the second set (of Exp. ITI) the solutions still contained a little 
which was allowed for. 


Table II. mg. adrenaline per g. of fresh tissue 
Adrenaline Total 

Exp. no. (iodine) catechol Folin 
0-46 0-71 0-65 
0-52 0-83 0-76 
0-74 _ 0-94 
0-62 —_— 0-96 
0-60 — 0-70 


The relation between adrenaline and ‘total catechol” was as previously 
observed [Devine, 1936]. In two cases (Exp. IT (1) and Exp. IIT (2)) the observed 
Folin values were still notably greater than the “corrected” values of Table IT 
so bearing out the suggestion made. Of the remaining results which showed 
good agreement two were unreliable owing to difficulty in judging the end-point. 

(b) As these experiments were not conclusive further evidence was obtained 
from solutions of pure ascorbic acid which were standardized against iodine 
when fresh and again after standing overnight at 0° (A). The partially oxidized 
solution was now compared by both iodine and Folin titrations against a fresh 
solution (B) and in one case by indophenol titration which was less exact. 


Table III. Estimation of partially oxidized ascorbic acid solutions 


% Oxidation Ascorbic acid A/B 
SS ~ 
A B Iodine Folin Indophenol 
81 0 1-4 3-3 — 
83 ll 1-4 3-3 — 
92 0 0-31 1-4 0-24 





Combined ascorbic and uric acid error 


The results summarized in Table III clearly show that Folin’s reagent is 
sensitive to ascorbic acid derivatives not detectable by indophenol or iodine. 
Strict comparison of the iodine and Folin methods of adrenaline estimation is 
therefore impossible unless precautions to avoid oxidation be taken. Hence for 
estimation of the combined ascorbic and uric acid errors given in Table IV the 
extracts were made with as little delay as possible with 2 % cold metaphosphoric 
acid as recommended by Fujita & Iwatake [1935] and Levy [1936]. Nevertheless 
the ascorbic content found was only about 1 mg./g. A preliminary estimate of 
the uric acid in 6% trichloroacetic extracts of cortex yielded a mean value of 
0-12 mg./g. equivalent to only one tenth the ascorbic acid error, using the 
adrenaline-uric acid colour ratio of 10: 3 [Euler et al. 1932]. In the phosphoric 
acid extracts the content was less, so that although great accuracy was not obtain- 
able, because the precipitation of AgPO, necessitated the use of smaller aliquots, 
the figures serve the present purpose. 
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Table IV. mg. adrenaline per g. of fresh tissue 


Adrenaline equivalent 


a 
Uric Ascorbic Combined Apparent Corrected Adrenaline 
acid acid error Folin Folin (iodine) 
0-02 0-41 0-43 0-80 0-37 0-36 
0-02 0-48 0-50 0-97 0-47 0-39 
0-02 0-49 0-51 0-96 0-45 0-43 
0-02 0-44 0-46 0-89 0-43 0-42 


The agreement recorded is satisfactory. 


DIscUSSION 


The variability of the estimates by the Folin method recorded in the literature 
can now be ascribed chiefly to: 

(a) Ascorbic acid, responsible for errors in excess, depending on the pre- 
cautions taken during the extraction process and storage to prevent its destruc- 
tion. In view of the protective function of ascorbic acid, it is this latter effect 
and probably not the destruction of adrenaline as supposed by Folin e¢ al. [1912] 
and Baker & Marrian [1927] which causes discrepancies in estimates carried out 
at intervals on the same solution. 

(6) The pH at which the colour is developed, particularly with respect to the 
reducing action of adrenaline. Failure to appreciate this point is probably 
responsible for the abnormally low values recorded [Sydenstricker et al. 1914; 
Schild, 1933]. These two sources of error can operate against one another so 
yielding results in good agreement with the pressor assay [Folin e¢ al. 1912; 
Stewart & Rogoff, 1916]. 

The satisfactory agreement now recorded between the pressor assay and the 
iodine and Folin (corrected) estimates of adrenaline in the suprarenal cortex and 
medulla shows also that the unidentified catechol derivative which is also present 
and which does not give a red colour on oxidation has little or no pressor activity, 
or effect on the Folin reagent. Moreover, if any other precursor of adrenaline is 
present in the gland it can exist only in such small amount as lies within the 
experimental error of the adrenaline estimates. Otherwise it must have approxi- 
mately parallel effects on all three methods of estimation and this is extremely 
improbable. Such claims as have been advanced rest only on discrepancies 
arising from doubtful methods of estimation. 


SUMMARY 


1. The error in excess previously observed in the Folin estimation of 
adrenaline in suprarenal extracts as compared with the more reliable oxidation 
method or pressor assay is almost quantitatively accounted for by the ascorbic 
and uric acid present, chiefly the former; the error in the reverse direction is 
probably due to a low pH. The validity of the correction is limited by the sensi- 
tivity of the reagent to partially oxidized ascorbic acid. 

2. Apart from the previously observed but unidentified catechol compound, 


a 


the claim that an adrenaline precursor exists in the gland is not confirmed. 
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Tue recent observations of Klein & Linser [1932; 1933, 1, 2] on the betaines 
stachydrine and trigonelline in Stachys palustris and Trigonella Foenum-graecum 
point to the fact that these substances are intimately connected with protein 
metabolism. These workers showed that proline and ornithine when injected 
into the plant caused increases in the concentrations of stachydrine and trigonel- 
line. Other amino-acids were without effect. They also found that when stems 
of Nicotiana were placed in a solution of proline an increase in nicotine content 
took place. Furthermore, as the result of experiments on the trigonelline content 
of various plants throughout their life history, Klein & Linser conclude that 
the fluctuations which were recorded indicated utilization of the alkaloid as a 
nitrogenous reserve. In a previous publication by the present writer [Cromwell, 
1933] an account was given of a series of experiments made on Berberis Darwinii 
with the object of investigating the problem of the synthesis and function of the 
alkaloid berberine. The results of this work appeared to show that in Berberis 
Darwiniit the alkaloid does not function as a nitrogenous reserve and that 
synthesis is dependent on condensation of sugar residues with protein inter- 
mediates. Although Berberis Darwinii provides satisfactory material for stem 
and root experiments on alkaloid content it is not an ideal plant for experiments 
on leaves for two reasons. Firstly, the half-leaf method of sampling cannot 
be adopted on account of the smallness of the leaves, and secondly the leaves 
contain large amounts of colouring matter and resins which create difficulties 
in analysis. It was therefore considered desirable to carry out experiments on an 
alkaloid-producing plant the leaves of which did not possess the disadvantages 
of Berberis Darwinii. Accordingly Atropa Belladonna, which possesses large 
bilaterally symmetrical leaves, was chosen with a view to extending and testing 
the theory that the alkaloid molecule is synthesized partly from sugar residues 
and partly from protein residues. All parts of Atropa Belladonna contain 
hyoscyamine which in the process of extraction is largely converted into its 
racemic modification atropine. Experiments have been carried out to determine 
the effects on the hyoscyamine content of (a) withdrawal of certain essential 
elements from the culture medium, (6) presentation of specific organic sources of 
nitrogen, (c) presentation of certain inorganic sources of nitrogen, (d) feeding 
with a combined solution of glucose and potassium nitrate, (e) etiolation, 
involving both feeding and starvation experiments. 








































EXPERIMENTAL 






Material. The plants used throughout these experiments were raised from 
seed obtained from vigorous plants growing wild on the chalk outcrops at 
Drewton on the south-western slopes of the Yorkshire Wolds. The seeds were 
germinated in pans and the seedlings transferred to an open bed where they 
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remained until required for experiment. The experiments were divided into two 
groups: (I) experiments on whole plants and (II) experiments on leaves. Plants 
used in (I) were potted in coarse river sand which had been thoroughly washed 
free from salts and were grown throughout the experimental period in a green- 
house. Flower buds which appeared were removed. Plants used for (II) remained 
in the open bed and leaves were removed as required. 

Methods of sampling and preparation of material. In the first series of experi- 
ments on whole plants samples of main roots, fibrous roots, stems and leaves 
were taken immediately prior to potting. The roots were washed free from sand 
in tap water and allowed to dry in the air. Stems and roots were then cut into 
small pieces, and 50 g. each of the main and fibrous roots and 25 g. each of the 
stems and leaves were weighed out and frozen in solid carbon dioxide for three 
hours. The tissues were allowed to thaw out and the sap expressed in a strong 
hand press. The residue was washed with N/20 sulphuric acid until the washings 
were free from alkaloid. In practice it was found that after four successive 
washings (with 10-15 ml. sulphuric acid) followed by expression the residue was 
free from hyoscyamine by Vitali’s test. In the second series of experiments on 
leaves, the half-leaf method of sampling was adopted. Halves of the leaf blades 
immediately bordering on the midribs were removed for control experiments 
and the remaining halves placed with their petioles in distilled water or culture 
solution. The half leaves were frozen for two to three hours in solid carbon 
dioxide and ground to a fine powder in a mortar, the temperature of which was 
kept at approximately that of the frozen tissue. The leaf powder was next trans- 
ferred to a fine-mesh silk bag, allowed to thaw out and the sap expressed. The 
cell residue was washed with N/20 sulphuric acid as in the first series of experi- 
ments. Leaf area was therefore the basis for the calculation of the alkaloid 
value. 

Estimation of total alkaloids. The acid extract was made up to 100 ml. and 
transferred to a separating funnel. 20 ml. of 5° ammonia solution were added 
and the alkaloids shaken out with 400 ml. of a mixture of four volumes of ether 
and one volume of chloroform to which two or three drops of octyl alcohol had 
been added to minimize the risk of emulsification. The extraction was repeated 
with a further 400 ml. of the mixture and the ether and chloroform distilled off 
on a water-bath. The residue was heated on a water-bath for 10 min. to drive 
off any traces of free ammonia present and a micro-Kjeldahl determination 
carried out after digestion by the phosphoric-sulphuric-persulphate method of 
Van Slyke [1927]. The alkaloid value in terms of hyoscyamine was calculated 
from the total nitrogen present and expressed as mg./100 ml. extract. 


I. CULTURAL EXPERIMENTS ON WHOLE PLANTS 
The effects of withdrawal of essential elements 


Plants were watered with culture solutions lacking (1) potassium and 
(2) nitrogen, for a period of 4 months from May to the end of August. 

The plants starved of potassium showed very little active growth and towards 
the end of the experimental period the leaves showed a tendency to turn yellow 
and wither at the margins. The figures in Table I show that deprivation of 
potassium has virtually little effect on the alkaloid concentration of the various 
organs, and in most cases a slight decline is evident. The present experiments on 
Atropa bear out the results obtained from previous experiments on potassium 
deficiency in Berberis Darwinii where the alkaloid value remained substantially 
unaffected by deprivation of this element. 
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Table I. Culture experiments with potassium-free and nitrogen-free solutions 


mg. alkaloid/100 ml. extract 





Control samples After experiment 
-_ Rw ~\ 
Age Main Fibrous ‘ Main Fibrous 
Solution Plant years root root Stems Leaves root root Stems Leaves 
1. No potas- (a) 2 123-2 76-6 = 30-8 122-6 74-9 — 31-2 
sium (5) 2 136-2 97:0. 37:2° 22-3 134-1 96-1 31-2 22-3 
(ec) 3 183-7 1486 496 62-0 178-4 149-9 443 62-5 
2. No nitrogen (a) 3 173-5 48-7 226 448 173-4 49-6 — — 
(b) 3 1556 80-9 278 40-4 156-9 82-6 — — 


(ec) 3 1626 65:3 31:9 39-2 167-1 66-1 _ ance 


Nitrogen starvation quickly checked the growth of plants. Leaves were cast 
and eventually the stems withered and died. Later, short shoots appeared from 
the stem bases, but made comparatively little growth. Roots alone remained 
for analysis. The results of analyses show that in spite of acute nitrogen 
starvation the concentration of alkaloid in the sap continued to increase. 
Qualitative tests revealed the presence of starch and absence of nitrate-nitrogen 
in the roots throughout the period of experiment. It would appear that the 
alkaloid does not act as a mobile nitrogenous reserve but that in its formation 
nitrogen is actually being removed from tissues where its presence would be 
essential for any growth to take place. ~ 


Culture experiments with organic nitrogenous substances 


Plants of 2 and 3 years of age were watered with culture solutions con- 
taining (a) asparagine, (b) hexamine and (c) urea, as the sole source of nitrogen. 
The experiments were conducted over a period of 4 months from May to the end 
of August. In this set of experiments growth was in all instances ‘remarkably 
pronounced, leaves, stems and roots showing abnormally strong development 
and throughout the period the plants remained vigorous and healthy. Qualitative 
tests showed the presence of nitrate in the saps of the three groups. 


Table Il. Culture experiments with organic nitrogenous substances 


mg. alkaloid/100 ml. extract 





Control samples After experiment 
ee = ; ay 
; Age Main Fibrous Main Fibrous 

Solution Plant years root root Stems Leaves root root Stems Leaves 

1. Asparagine (a) 2 127-2 891 21:8 31-7 150-7 1049 25-3 48-8 

(b) 2 1408 705 17-2 25-2 196-2 1106 15-1 38:8 

2. Hexamine (a) 2 120-4 66-7 28-1 35-7 169-3 784 28-9 41:3 

(b) 2 136-2 584 12:9 203 140-4 619 145 25-9 

3. Urea (a) 2 1445 99-2 182 41-2 142-9 983 194 41-0 

(5) 3 206-5 156-9 28-9 55-7 208-1 154-2 27:8 56-3 

(c)* 2 = ‘ous and 56-2 — — —_ 54-5 


* Half-leaf method, 


The effect of both asparagine and hexamine was to cause a definite rise in 
alkaloid values in all organs. The figures for urea are somewhat contradictory 
but show for the greater part that the alkaloid concentration after experiment 
tends to fall below that of the control values. 
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Culture experiments with inorganic nitrogenous substances 


Plants of 2 and 3 years of age were watered with culture solutions con- 
taining (a) ammonium sulphate, (6) potassium and calcium nitrates (1 g. of each 
in 2 litres of solution) as the sources of nitrogen, for a period of 4 months, 
extending from June to October. In both sets of experiments growth was active 
throughout the period, being more pronounced in the ammonium sulphate than 
in the nitrate cultures. Nitrates were present in abundance in the sap of the 
plants receiving ammonium sulphate, while the sand in which they were 
growing showed traces only. 


Table III. Culture experiments with inorganic nitrogenous substances 


mg. alkaloid/100 ml. extract 


Control samples After experiment 
A 


A 


E 7. —* 
Age Main Fibrous : Main Fibrous 

Solution Plant years root root Stem Leaves root root Stem Leaves 
1. Ammonium (a) 2 140-1 93-2 12-2 10-2 165-2 1073) 165 24-7 
sulphate (b) : 191-8 1182 149 35-2 2106 1239 165 45-4 
2. Potassium (a) : 131-8 120-7 20-4 39-6 132-1 119-7 20-7 39-2 
and calcium = (b) 210-8 133-7 62-7 49-1 213-1 132-2 64:0 49:5 
nitrates (c) 2155 116-1 264 38-9 218-9 113-2 24-7 39-2 


Presentation of ammonium-nitrogen brought about an increase in concentra- 
tion of alkaloid in all organs, whereas application of potassium and calcium 
nitrates resulted in little or no change in concentration, the tendency being in 
the direction of loss. 


Culture experiments with combined glucose and inorganic nitrate solution 
in absence of light 


Two plants (a) and (5) were placed in darkness and watered with a full culture 
solution containing 2% glucose with potassium nitrate as the source of nitrogen 
for a period of 1 month. The plants possessed all the characteristic appearances 
of etiolation and many of the leaves were cast. 


Table IV. Culture experiments with glucose and inorganic nitrate solutions. 
Plants grown in dark 


mg. alkaloid/100 ml. extract 


Control samples After experiment 
eee ————_—————eee 
Age Main Fibrous Main Fibrous 
Solution Plant years root root Stem Leaves root root Stem Leaves 


Glucose 2% (a) 2 127-4 861 306 31-9 190-4 101-1 28:2 45:3 
plus nitrate (b) 3 180-5 1156 32:9 40-6 219-2 130-8 381 53-1 


Both plants during the experimental period showed accumulation of alkaloid 
in all organs and the tissues contained an abundance of nitrate. 


II. EXPERIMENTS ON LEAVES 
Culture experiments on detached leaves in darkness 
Groups (a) and (6) were placed with their petioles in a 2 % solution of glucose, 
and groups (c), (d) and (e) in a 0-2 % solution of potassium nitrate. Samples (a), 
(6), (c) and (d) were removed from the plants in the morning and sample (e) in 
the late afternoon. 
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Table V. Culture experiments on detached leaves in darkness. Half leaves 
placed with petioles in culture solution 






mg. alkaloid/100 ml. extract 










Duration Experi- 

No.of of exp. Time of day Control mental 

Culture solution leaves days sample taken halves halves 
(a) Glucose 42 3 Morning 19-4 20-3 
(b) Glucose 42 5 “ 40-5 81:3 
(c) Potassium nitrate 70 7 oa 34:5 23-2 
(d) Potassium nitrate 42 7 ve 18-2 18-2 
(e) Potassium nitrate 42 7 Afternoon 24-7 27-7 













Glucose feeding in one group of leaves (b) was responsible for a marked 
increase in alkaloidal content, but in group (a) the rise was very slight. Only in 
one group (e) of nitrate feeding experiments was an increase of alkaloid recorded, 
and it is significant that this group of leaves was gathered and sampled late in the 
afternoon when the carbohydrate content would be high. 








Starvation experiments on detached leaves 






In the first series of experiments recorded in Table VI, detached leaves were 
placed in distilled water in darkness, thus being deprived of all sources of food 
supply. In the second series (Table VII), whole plants were placed in darkness 
after half-leaf samples had been removed. The synthesis of fresh carbohydrate 
was therefore inhibited, but translocation of reserve carbohydrate from the 
stems to the leaves and movement of salts to and from the leaves would still be 
possible to a certain extent. 







Table VI. Starvation experiments on detached leaves in darkness. Half 
leaves placed with petioles in distilled water 






mg. alkaloid/100 ml. extract 









Duration 
No. of of exp. Time of day Control Experimental 
Exp. leaves days sample taken halves halves 
(a) 60 7 Morning 54-4 54-4 
(b) 60 5 Afternoon 13-2 35:5 
(c) 60 7 Morning 23-5 27:3 





Table VII. Starvation experiments on leaves attached to plants. Half-leaf 
samples were removed and plants placed in darkness 






mg. alkaloid/100 ml. extract 








No. of Duration of Control Experimental 
Exp. leaves exp. (weeks) halves halves 
(a) 70 2 49-6 56-1 
(b) 60 2 38-8 50-9 






The experiments on detached leaves showed that complete starvation 
resulted in an increase of alkaloid in two groups of leaves, the rise being especially 
marked in group (6) in which the leaves had been removed from the plants in 
the afternoon. In both experiments on attached leaves the alkaloid value was 
increased by etiolation. 
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Discussion 


Theoretically the synthesis of alkaloids in the plant admits of two possi- 
bilities, namely, a primary or up-grade synthesis and a secondary or down-grade 
synthesis. Although much work has been carried out in an endeavour to obtain 
knowledge of the reactions which lead to the formation of alkaloids, little of a 
positive nature is yet known. The trend of opinion would seem to be that the 
alkaloid molecule is built up from products of protein breakdown and carbo- 
hydrate intermediates, i.e. the synthesis is secondary. Our very imperfect 
knowledge of the constitution and metabolism of proteins has greatly impeded 
progress in the elucidation of problems relating to the synthesis of secondary 
nitrogenous plant products. The experiments on Atropa Belladonna described 
in this paper point to the conclusion that intermediates or breakdown products 
of proteins are the essential building stones of the alkaloid molecule, and that 
carbohydrates or their derivatives play an important part in the synthesis. At 
present it is impossible to decide whether the carbohydrate residues or inter- 
mediates actually enter into the constitution of the alkaloid molecule, or 
whether the carbohydrate is essential merely for the purpose of supplying energy 
for the synthetic reactions leading to alkaloid formation. The experiments 
involving the withdrawal of potassium and nitrogen showed similar results to 
those obtained in previous experiments on Berberis Darwinii [Cromwell, 1933]. 
Potassium withdrawal for a period of 4 months was practically without effect on 
the alkaloid concentration. Recent work on the role of potassium in plant 
metabolism has shown that carbohydrate synthesis and translocation are greatly 
impaired by lack of this element [James, 1930; James & Cattle, 1933; Janssen & 
Bartholomew, 1930; Penston, 1931; Richards, 1932; Tincker & Darbishire, 
1933], and the water content of the tissues of potassium-starved plants has in 
many instances been shown to be low [James, 1931; Morse, 1927]. Furthermore, 
various workers have reported an accumulation of soluble nitrogen and starch 
in potassium-deficient plants [Janssen & Bartholomew, 1929; Burrell, 1926; 
Nightingale e¢ al. 1930] and James [1930] has shown that potassium acts as a 
catalyst in hydrolytic reactions. Thus, by favouring starch accumulation, low 
water content and paralysis of hydrolytic activity potassium deficiency would 
tend to lower the concentration of active carbohydrate residues. The importance 
of potassium in relation to protein synthesis is not well understood, but the 
evidence of accumulation of soluble nitrogen points to the fact that synthesis of 
protein is inhibited in the absence of potassium. It would appear, therefore, that 
potassium deficiency is unfavourable to alkaloid formation as the result of its 
inhibiting effect on protein synthesis and its disorganizing influence on carbo- 
hydrate metabolism and translocation. The experiments on withdrawal of 
nitrogen indicated clearly that lack of this element does not check the synthesis 
of alkaloid, and one is justified in assuming that increase of alkaloid under these 
conditions must necessarily be due to synthesis from products of protein break- 
down, which would take place toa great extent in nitrogen-starved plants. Mothes 
[1928] has stated that conditions unfavourable to the growth of tobacco plants 
result in continued production of nicotine. The cultural experiments in which 
asparagine, hexamine and urea were fed to the plants appeared to show that when 
certain nitrogenous substances are presented, alkaloid synthesis may result from 
direct combination of these substances or their derivatives with other active inter- 
mediates or residues. On the other hand asparagine feeding may lead to in- 
creased protein synthesis, and rise in alkaloid value may be referred to subsequent 
breakdown of the excess protein. In the tissues hexamine may yield amines 





+ 


Ne oe ae a 


CD me Ss & 


ae rey 


-—- — &— SD ‘ 


HYOSCYAMINE SYNTHESIS IN BELLADONNA 557 


which may play the part of alkaloid intermediates. The action of urea in 
stimulating the growth of the plants to which it was fed was well marked, but 
apparently urea feeding does not stimulate alkaloid formation. The abundance 
of nitrate in the sap of the urea-fed plants indicates that urea, possibly by the 
action of urease, undergoes decomposition with the formation of ammonia. The 
plants, however, were not tested for this enzyme and further experiments are 
necessary before any conclusions on the behaviour of urea can be reached. If, 
as is supposed, urea undergoes rapid decomposition followed by oxidation of 
the ammonia to nitrate the application of urea would lead to conditions approxi- 
mating to those of nitrate feeding. Calcium and potassium nitrates, when pre- 
sented as the sole sources of nitrogen, were virtually without effect on the 
alkaloid concentration, as the slight rise recorded would presumably take place 
in the growth of the plants under normal nutritional conditions. A high con- 
centration of inorganic nitrate therefore is not conducive to alkaloid synthesis. 
In this connexion Mothes [1928] found that in tobacco plants where abundance 
of inorganic nitrogen was present nicotine synthesis was inhibited. The experi- 
ments on ammonium sulphate feeding showed that this compound when pre- 
sented as the sole source of nitrogen caused an increase in alkaloid production. 
It is difficult to reconcile this result with the results of urea feeding where it is 
presumed ammonia would be present as the result of decomposition of urea, and 
further work is necessary to throw more light on the fate of the ammonium 
radicle in these experiments. Feeding with glucose in conjunction with in- 
organic nitrate in darkness brought about a definite accumulation of alkaloid in 
the tissues. Under these conditions it would be expected that protein degrada- 
tion would tend to be checked by the presence of ample respiratory material in 
the form of glucose. Examination of the soluble nitrogen showed that amino- 
acids and asparagine were present in large amounts, but the ammonia value was 
negligible (unpublished data). The presence of glucose appears to prevent the 
accumulation of ammonia, if protein breakdown has proceeded to this extent, 
by facilitating the production of asparagine. Alternatively the presence of 
glucose may prevent complete breakdown of the protein, and amino-acids would 
therefore accumulate. From these experiments the inference is drawn that 
circumstances which lead to the accumulation of protein intermediates provide 
the optimum conditions for alkaloid synthesis provided that carbohydrate is 
present. The importance of carbohydrate is clearly demonstrated by the 
experiments on detached leaves, which when kept in darkness gave increased 
alkaloid yield only in the presence of carbohydrate. Leaves fed with glucose 
showed an increase in alkaloid, whereas leaves fed with nitrate showed an 
increase only when a certain amount of carbohydrate was available. Leaves 
gathered in the early part of the morning would possess a low carbohydrate 
value, and nitrate feeding was responsible for little or no stimulation of alkaloid 
production. On the other hand, leaves which were gathered in late afternoon 
would possess a much higher carbohydrate content, and nitrate feeding of these 
leaves brought about an increased yield of alkaloid. Starvation experiments on 
detached leaves also support the view that carbohydrate is essential to alkaloid 
synthesis, for leaves detached in the early part of the morning and placed in 
distilled water in darkness revealed a slight increase of alkaloid only, whereas in 
leaves gathered in late afternoon a considerable increase occurred. Again, 
starvation experiments on leaves attached to the plants, the roots and stems of 
which contained reserves of carbohydrate capable of translocation to the leaves, 
gave indication of a consistent rise in alkaloid content. 

The scope of the experiments carried out on Atropa Belladonna being some- 
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what restricted, it is not possible to make assumptions regarding the mode of 
synthesis of alkaloid, but the evidence obtained points to the fact that carbo- 
hydrate and protein residues are of primary importance. The suggestion is put 
forward that the function of alkaloids may be analogous to that suggested for 
asparagine by Prianischnikoff [1924, 1, 2] and Chibnall [1924], who consider that 
asparagine acts as a means of combining free ammonia which if present in the 
tissues in large amounts would prove toxic. These authors suggest that the 
ammonia bound as asparagine may be utilized in protein synthesis. The forma- 
tion of alkaloids likewise may remove from the tissues certain residues of protein 
breakdown which if present in any degree of concentration would be toxic. 
Tryptophan, proline, pyrrolidine and amines such as tetramethylenediamine 
and pentamethylenediamine may possibly be substances of this nature, and it 
is noteworthy that the nuclei of these compounds enter into the constitution of 
certain groups of alkaloids. Furthermore, injection of certain of these compounds 
e.g. proline, results in increased alkaloid production [Klein & Linser, 1933, 2]. 
The work of Klein & Bartosch [1928] on the behaviour of ricinine in germinating 
seeds of Ricinus suggests that ricinine is synthesized at the growing points of the 
young shoot from degradation products of the reserve protein of the seed, and 
Mothes [1928] has shown that nicotine is present to a greater extent in old ‘than 
in young leaves of tobacco plants, i.e. where protein breakdown is more pro- 
nounced. Etiolation, a condition favouring protein breakdown, also leads to 
increased alkaloid synthesis [Cromwell, 1933; Klein & Linser, 1932; 1933, 1; 
Weevers, 1932-33]. It is known that reserve proteins of plants differ in con- 
stitution from protoplasmic proteins, and it may be suggested that as the result 
of this difference certain residues remain in the tissues when storage protein is 
broken down and re-synthesized to protoplasmic protein. These residues present 
in the free state may be toxic to the plant and accordingly combination with 
carbohydrate or other active residues may take place resulting eventually in the 
formation of alkaloids. Moreover, fluctuations in alkaloid content of various 
organs may in many instances be due to the transformation of one form of 
protein into the other, certain portions of the alkaloid nucleus taking part in the 
transformation. An explanation of the restricted distribution of alkaloids may 
be forthcoming when it is considered that proteins of different plants vary in 
constitution; only certain reserve proteins therefore possessing a potential 
alkaloid nucleus would contribute to the synthesis. 

Further work is being carried out with a view to obtaining more detailed 
knowledge of the intermediates involved in alkaloid synthesis and their relation 
to the general metabolism. 


SUMMARY 


1. Culture experiments have been carried out on plants of Atropa Belladonna 
to determine the effects of withdrawal of essential elements and of presenting 
nitrogen in different forms. Potassium withdrawal was found to be without 
effect on the alkaloid content. During the period of nitrogen withdrawal forma- 
tion of alkaloid continued. Presentation of nitrogen in the forms of asparagine, 
hexamine and ammonium sulphate brought about a rise in alkaloid value, while 
presentation in the forms of calcium and potassium nitrates and urea caused little 


or no alteration. 
2. Plants grown in darkness and fed with a solution containing potassium 


nitrate and glucose showed increased alkaloid production. 
3. Detached leaves in darkness were placed with their petioles in (a) glucose 
solution, and (b) potassium nitrate solution. Increase of alkaloid resulted in 
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leaves fed with glucose, but leaves fed with potassium nitrate showed a rise only 
if a reserve of carbohydrate was present. 

4. Detached leaves placed in darkness with their petioles in distilled water 
gave a high yield of alkaloid when carbohydrate reserves were available. 

5. Starvation experiments on leaves attached to the plant showed an in- 


crease in alkaloid. 


The author wishes to record his indebtedness to Mr R. D’O. Good, Head of 
the Department of Botany, for his kindness in providing ample facilities for the 
carrying out of this research, and to Mr G. A. Glister, for his invaluable help in 


the experimental work. 
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A LARGE proportion of the total phosphorus of the cereals and other vegetable 
foodstuffs has been shown to exist in the form of phytin, the calcium magnesium 
salt of inositolhexaphosphoric acid. McCance & Widdowson [1935] have shown 
that the amount of phytin-P may vary between 41 and 68 % of the total phos- 
phorus of the cereals. According to Bruce & Callow [1934] the availability of this 
form of phosphorus to the mammalian organism is very low. A summary of work 
dealing with this aspect may be found in the paper by McCance & Widdowson. 
That phytin does not undergo alteration in the digestive tract of animals was 
first shown by Scofone [1905]. Plimmer [1913] found that extracts of the 
intestines of the dog, cat, sheep, ox and rabbit failed to hydrolyse the sodium 
salt of phytic acid. McCollum & Hart [1908], however, found in calf liver a 
phytin-splitting enzyme. Lowe & Steenbock [1936, 1] failed to notice any 
hydrolytic action of intestinal extracts of rats and chicks on phytin, even 
though they observed a certain amount of hydrolysis of phytin in the intestines 
when it was fed to the rats. They are of the opinion [Lowe & Steenbock, 1936, 2] 
that any hydrolysis of phytin which takes place in the intestines is due to the 
activity of the intestinal flora or to the phytase of the vegetable part of the diet. 

A search by the author for a phytin-splitting enzyme in the intestines of the 
albino rats has proved successful and the experimental evidence is presented in 
the following pages. 






















EXPERIMENTAL 





Preparation of the enzyme. The method of extraction of the enzyme from the 
intestines was similar to that used by Martland & Robison [1929] for the extrac- 
tion of phosphatase from bones. Albino rats (4 to 6 at a time) were killed with 
chloroform, their intestines were removed, slit open and washed carefully in 
running water to free them of all extraneous matter. They were then ground 
with 5 to 10 ml. of chloroform and left in contact with about 50 ml. distilled 
water at room temperature for 4 days. An active extract was thus obtained 
on filtration, but it contained appreciable quantities of inorganic phosphate. 
Attempts to remove this by dialysis sometimes resulted in a loss of activity of 
the enzyme. The addition of five volumes of 95 °% alcohol to the extract gave a 
precipitate which was separated by centrifuging, washed with absolute alcohol 
and dried in vacuo over sulphuric acid. It was then suspended in a smail volume 
of water or in Michaelis’s [1931] veronal-acetate-HCl buffer solution of pH 7-6, 
allowed to stand for 2 hours, centrifuged and the centrifugate dialysed in 
cellophane bags against distilled water or buffer solution of pH 7-6 for 4-6 hours. 
This procedure gave an active enzyme preparation containing only small 

1 Read before a meeting of the Bombay section of the Society of Biological Chemists, India. 
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amounts of inorganic phosphate. Dialysis for longer periods was not tried for 
fear of a loss of activity. 

Preparation of the barium salt of inositolhexaphosphoric acid. Commercial 
phytin was dissolved in dilute hydrochloric acid and the solution filtered. The 
filtrate was adjusted to pH 4-0 with baryta and to it were added two volumes of 
95% alcohol. A white precipitate was formed, which was removed by filtration, 
washed with alcohol and dried in vacuo over sulphuric acid. The precipitation 
at pH 4-0 was repeated twice; finally the acid barium salt was dissolved in dilute 
hydrochloric acid and the solution was adjusted to pH 8-4 with baryta. The 
insoluble barium salt separated as an amorphous precipitate. One volume of 
95 % alcohol was added and the precipitate was separated by filtration, washed 
with absolute alcohol and dried in vacuo over sulphuric acid. Found: P, 12-17%; 
inorganic P, 0-20%. C,H,(PO,Ba), requires P, 12-64%. 

For hydrolytic experiments the barium was removed by precipitating with 
the requisite amount of N sulphuric acid, and N NaOH was added to pH 8-0 to 
give the sodium salt. A determination of the total and inorganic P in the final 
solution gave the amount of phytin-P in solution. 

All the following experiments have been carried out at 37° in presence of 
chloroform. Some experiments have been made with sodium glycerophosphate 
as substrate mainly for purposes of comparison. Phosphorus was determined 
by the Bell & Doisy [1920] modification of Briggs’s method. 

Hydrolysis of sodium phytate and sodium glycerophosphate by the intestinal 
enzyme preparations. To 0-50 ml. of the substrate were added 0-50 ml. enzyme 
preparation and 0-40 ml. of 0-012 M MgSO, or water. Total and inorganic P 
were determined in an aliquot portion. The results are given in Table I. 


Table I 


Inorganic 

P liber- 
ated in 

43 hours Total P % 
mg. per mg. per hydro- 


A.+ In unbuffered solutions: pH ml. ml. * lysis 
Sodium phytate + enzyme preparation 2 8-4 0-228 0-567 40-2 

“a + boiled enzyme preparation 2 8-4 0-00 0-567 Nil 

Pa +enzyme preparation 3 8-6 0-138 1-256 11-0 
+ boiled enzyme preparation 3 8-6 0-03 1-256 Trace 

os +enzyme preparation 3 + MgSO, 8-6 0-316 1-20 26-3 
+boiled enzyme preparation 3 + MgSO, 8-6 0-04 1-20 Trace 
Sodium gly cerophosphate + enzyme preparation 3 + “MgSO, 8-4 1-51 1-622 93-1 
a + boiled enzyme preparation 3 8-4 0-02 1-622 Trace 
+MgsSO, 
B.*+ In buffered solutions: 
Sodium phytate + enzyme preparation 13 + MgSO, 7-4 0-215 0-514 41-7 
in 24 hr. 
Sodium glycerophosphate + enzyme preparation 13 7-4 0-387 0-424 91-3 


in 24 hr. 


* 1 ml. substrate +2 ml. enzyme preparation +1 ml. buffer mixture. 
+ In A the concentration of MgSO, was 0-0034 MV and in B 0-00187 VM. 


The effect of pH on the hydrolysis of sodium phytate by the intestinal enzyme 
preparations. To 1-0 ml. of the substrate were added 2-0 ml. buffer solution 
(Michaelis) of the desired pH and 1-0 ml. of the enzyme preparation. Total and 
inorganic P were determined at 0 hour and after 24 hours. The results in % 
phytin-P hydrolysed are given in Table IT. 























V. N. PATWARDHAN 


Table IT 


pH 8-6 8-2 78 74 7-2 7-0 6-8 6-6 6-1 
% hydrolysis 9-9 12-0 12-7 11-2 10-9 7-9 7-6 7-7 6-0 


The hydrolysis obtained in the above experiment is of a low order. Owing 
to the generally low activity of the enzyme, dilution with ‘buffer solution 
resulted in further lowering of the activity. More active enzyme preparations 
caused greater hydrolysis but they also caused a shift in the pH of the reaction 
mixture. The above experiment has been given because no change in pH was 
observed in this case, and although the figures for hydrolysis are low they 
represent the effect of the change of pH on the rate of hydrolysis of sodium 
phytate by the intestinal enzyme preparations. 

The influence of Mgt+ ions on the hydrolysis of sodium phytate. To 1-0 ml. 
of the substrate were added 2 ml. enzyme preparation and varying amounts of 
0-015 M MgSO, solution. The volume was made up to 4 ml. by the addition of 
buffer mixture of pH 7-4. The tubes were incubated for 24 hours. The results are 


given in Table ITI. 


Table IIT 
P liberated Total 
MgSO, in 24 hr. phytate-P % hydro- 
Particulars M mg. perml. mg. per ml. lysis 
With enzyme preparation 13 Nil 0-146 0-512 28-5 
0-00093 0-197 0-514 38-5 
0-00187 0-215 0-514 41-7 
0-00375 0-204 0-516 39-5 
With enzyme preparation 12 Nil 0-123 0-221 55-7 
0-00093 0-187. 0-224 83-9 
0-00187 0-178 0-222 80-3 


The optimum seems to lie between 0-00093 and 0-00187 M concentration of 


Mg** ions. 
Experiments with enzyme preparations from the intestines of the guinea-pig and 
the rabbit and the bones of the rat and the rabbit. The methods of extraction of 


Table IV 
Inorg. P 

————_ Inorg. P 

AtOhr. At24hr. released Total P 

mg. per mg. per mg. per mg. per 

A. Intestinal enzymes: mi. mi. mi. ml. 

Sodium phytate +guinea-pig enzyme prep. 0-014 0-052 0-038 0-518 
Sodium phytate +guinea-pig enzyme prep. +MgSO, 0-012 0-056 0-044 0-515 
Sodium glycerophosphate +guinea-pig enzyme prep. 0-01 0-046 0-036 0-452 
Sodium glycerophosphate +guinea-pig enzyme prep. boiled 0-018 0-021 _ -- 
Sodium phytate +rabbit enzyme prep. 0-041 0-054 0-013 0-577 
Sodium phytate +rabbit enzyme prep. 0-041 0-052 0-011 0-577 
Sodium glycerophosphate +rabbit enzyme prep. 0-036 0-376 0-340 0-500 
Sodium glycerophosphate +rabbit enzyme prep. boiled 0-034 0-040 0-006 0-500 


B. Bone enzymes: 

Sodium phytate +rabbit bone enzyme +MgSO, 0-016 0-018 Nil 0-533 
Sodium phytate +rabbit bone enzyme +MgSO, 0-016 0-016 Nil 9-533 
Sodium glycerophosphate +rabbit bone enzyme +MgSO, 0-020 0-424 0-404 0-452 
Sodium glycerophosphate +rabbit bone enzyme boiled + +MgS0, 0-016 0-016 Nil 0-533 Nil 
Sodium ‘phytate +rat jaw-bone enzyme 0-025 0-025 Nil 0-701 Nil 


Sodium glycerophosphate +rat jaw-bone enzyme 0-00 0-920 0-920 2-498 368 
N.B. All reactions were carried out at pH 7-4 except in the last two experiments where pH values were 8-7 and 94 
respectively. 
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the respective enzymes were similar to that used in the case of rats’ intestines. 
The above results (Table IV) show that the rabbit and guinea-pig intestinal 
enzymes exert only a feeble action, if any, on sodium phytate. 


Discussion 


The foregoing evidence shows that sodium inositolhexaphosphate is hydro- 
lysed by enzyme preparations made from the intestines of albino rats and 
that in the process orthophosphoric acid is set free. Such enzyme preparations 
also contain a glycerophosphatase as shown by their action on the solutions of 
sodium glycerophosphate. The enzyme preparations were made from rats of all 
ages. In one case (enzyme preparation 2, Table I) it was made from young rats 
hardly 3 weeks old and not yet weaned. They were suddenly and unexpectedly 
killed by their mother. Their intestines were treated as usual and yielded an 
active enzyme. Since these rats fed almost exclusively on milk, the origin of the 
intestinal phytase from vegetable foodstuffs can be ruled out. Sodium phytate 
is not hydrolysed by the bone enzyme, as is shown in Table IV, and is hydrolysed 
very feebly, if at all, by preparations from the intestines of guinea-pigs and 
rabbits. 

The optimum pH for the intestinal phytase is about 7-8 while the optimum 
for plant phytase is pH 5-6 [Adler, 1915]; this can be considered as additional 
evidence against the former enzyme being of plant origin. 

No attempt has been made by the author to determine whether the prepara- 
tions contained one enzyme capable of acting on glycerophosphate as well as 
on phytate of sodium or two independent enzymes. The intestinal phytase 
resembles phosphatase in that the action of both is accelerated by the presence 
of Mg*+ ions. 

The evidence leaves hardly any doubt about the fact that the hydrolysis of 
sodium phytate caused by the intestinal preparations is truly enzymic in 
nature. What part this enzyme plays in the hydrolysis of phytin in the intestines 
and whether the intestines of other animals contain phytase is yet unknown. 
Partial hydrolysis of phytin observed by McCance & Widdowson and Lowe & 
Steenbock may possibly be ascribed to the rather slow action of the intestinal 
phytase. 


SUMMARY 


1. An enzyme capable of hydrolysing phytase is shown to exist in the 


intestines of albino rats. 
2. This intestinal phytase exerts its optimum activity at about pH 7-8 and 


its action is accelerated by Mg** ions. 
3. It is suggested that a partial hydrolysis of phytin takes place in the 


intestines of albino rats. 
4. Intestines of guinea-pigs and rabbits yielded inactive or feebly active 


extracts. 


The author has great pleasure in thanking Prof. 8. P. Niyogi and Dr Jivraj 
N. Mehta, the Dean, for their interest and encouragement. 
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In view of the hypothesis that narcotics exert their characteristic effects on the 
organism through effects on oxidations of the brain [Quastel & Wheatley, 
1932, 1], a more extended study of the effects of narcotics on tissue oxidations 
appeared desirable. 

It has already been found [Quastel & Wheatley, 1932, 1] that narcotics 
inhibit the oxidations of glucose, lactate and pyruvate by the brain. In the 
present work this finding has been confirmed. An extension of the investigation 
to other tissues has shown that inhibition of oxidations is not restricted to the 
brain, or to carbohydrates and their breakdown products. A beginning has been 
made with a study of the mechanism of action of narcotics on oxidations, and 
also with a comparison between the concentrations at which narcotics bring 
about narcosis and those at which they inhibit oxidations. 


Experimental details 


The manometric methods of Warburg have been used with tissue slices. 
The portion of the brain used has always been the grey matter of the cerebral 
cortex. Media used have been isotonic, and made up on the lines followed by 
Jowett & Quastel [1935]. Unless otherwise stated, the medium contained 
0-001 M Ca**, 0-0008 M Mg*+, and 0-02 M phosphate of pH 7-2, in addition to 
NaCl and various named constituents; pH 7-2 has been preferred to the more 
usual 7-4 so as to improve the buffering in the alkaline direction when lactate 
and pyruvate are being oxidized. Measurements have been made at 39° unless 
the contrary is stated, since this temperature is considered a better approxima- 
tion than the more usual 37—38° to the temperature in vivo of the internal organs. 
In most experiments the volume of medium has been 3 ml., and 8-15 mg. dry 
weight of tissue have been present in each vessel. Oxygen has been the gas 
present in all respiration experiments. 


THE EFFECT OF NARCOTICS ON OXIDATIONS IN THE CEREBRAL CORTEX 


In Table I are summarized the results of experiments on the effects of 0-08 % 
luminal (sodium phenylethylbarbiturate) on the respiration of brain in the 
presence of various substrates. It is evident that the inhibition of respiration 
depends on the substrate that is being burnt. The inhibition is greatest for 
glucose, followed by lactate and pyruvate. Glutamate shows a smaller inhibition, 
and the oxidation of succinate is not inhibited. 

It has already been found by Quastel & Wheatley [1932, 1], using minced 
whole brain, that narcotics inhibit the oxidations of glucose, lactate and 
pyruvate, and to a lesser extent that of glutamate, while the oxidations of 

1 Beit Memorial Research Fellow. 
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Table I. The effect of 0-08°), luminal on brain respiration 


K+ 0-002 W. Mean figures for a 2-hour period 
The average deviations of single experiments from the mean are given 


No. of Qo, Without % effect of narcotic 

Substrate exps. narcotic on Qo, 
A. Rat brain 

— 2-89+0-18 —- 516 

~ 10-77 £0-70 ~57 45} 

— 12-20 40-33 —55 +424 

— 13-55 +0-63 -35+1} 

— 11-10 +0-65 -—27+3 

— 8:03+41-05 -15+9 

- 9-53+0-10 + 714 


. Guinea-pig brain 


—11-8 ~ 44 
-11-0 —40 


Nil 

Glucose 0-04 M 
Glucose 0-01 M 
d-Lactate 0-02 M 
Pyruvate 0-02 M 
Glutamate 0-02 MW 
Succinate 0-02 M 


Glucose 0-04 M 
Glucose 0-01 W 


me bp DWP Or 


succinate and p-phenylenediamine are unaffected. The present experiments 
were made with slices of the grey matter of the cerebral cortex, under conditions 
considerably different from the earlier ones, and it is therefore of value that the 
former results are confirmed. 

When no oxidizable substrate is added, the small oxidation of the brain slices 
is not appreciably affected by 0-08% luminal. This finding shows that the 
respiration in absence of added substrates is not due to the oxidation of traces 
of glucose, lactate or pyruvate present in the tissue. It is unlikely that these 
substances would be present in appreciable quantities, for in the preparation of 
the slices some will be lost; also in the medium, before measurements are made, 
further loss will occur, partly by oxidation and partly by diffusion. It is now, 


however, definitely shown that the residual respiration of brain is due largely to 
substances other than glucose, lactate or pyruvate. The only clue to the nature of 
the substances oxidized is provided by the finding of Dickens & Greville [1933] 
that the R.Q. of the oxidation is unity. 

If the concentration of luminal is doubled, the respiration in absence of added 
substrates is then considerably inhibited (Table II). The experiments in 
Table II show that the increase in respiration due to succinate varies little with 


Table II. The effect of luminal on succinate oxidation by rat brain 


K* 0-002 M 
Exp. no. 


Conc. of luminal % 0 
Qo, in absence of substrate: 
lst hour 4-52 
2nd hour 1-23 
Qo, in presence of 0-02 M succinate: 
lst hour 11-22 
2nd hour 8-02 
Increase in Qo, due to succinate: 
Ist hour 6-70 8-2 6-20 . 7-17 
2nd hour 6-79 “4 6-42 ° 6-60 


time and is not inhibited by luminal. The increase is actually raised by the 
presence of the narcotic, which shows that there is some competition for oxida- 
tion between succinate or its oxidation products and the residual substrates of 
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the brain. Competition between succinate and lactate in the brain has already 
been demonstrated by Quastel & Wheatley [1932, 2]. It may be noted that the 
constancy with time of the increase in respiration due to succinate in the absence 
of narcotics coexists with competition, and such constancy therefore cannot be 
used as an argument for additivity of respiration. 

In the experiments reported in Table I, the inhibition of respiration by the 
narcotic increases considerably with time when glucose and lactate are the 
substrates. No definite increase has been found with pyruvate and glutamate. 


The effect of K+ concentration 


The increase with time of the inhibition of respiration by narcotics is related 
to the composition of the medium, and especially to the [K*]. 

In Table III is shown the effect of varying the [K+] of the medium on the 
inhibitory effect of narcotics on brain respiration. Considering the experiments 


Table III. The effect of narcotics on the respiration of brain at high 
and low [K+] 


K+ 0-002 or 0-0128 M. When chloretone is present, it is added from a side-tube 5 min. before 


readings are begun. Experimental period 2 hours. 
% effect of narcotic 


SSS 
(2) () 


Fig. Narcotic Animal Substrate low [K+] high [K+] 
A. Temperature 39° 
1 Luminal 0-08 % Rat Glucose 0-01 UM —54 —49 
* 0-08 % ” % -57 —47* 
= 0-08 % Guinea-pig a —39 —43 
BS 0-08 % pe Pyruvate 0-01 M — —38 
es 0-08 % ps d-Lactate 0-02 MW — -31 
2 Chloretone 0-033 % Rat Glucose 0-01 MU —52 —35 
3 aa 0-033 % os pe —4] — 28 
= 0-033 % a 2 = —34 
o. 0-027 % Guinea-pig po — 62 — 56 
4 ‘i 0-027 % oe - — 60 —49 
a 0-037 % Rat dl-Lactate 0-02 MU —45 —45 
5 7 0-037 % s = ~47 -47 
‘* 0-037 % i Pyruvate 0-01 M — —39 
% 0-037 % a a = ~40 
B. Temperature 29° 
6 Chloretone 0-033 % Rat Glucose 0-01 MU —34 — 36 
‘ 0-033 % ‘s ea -21 —33 
” 0-033 % ” ” —22 -21 


* The [K*] in this case was 0-006 MV. 


at 39°, we see that the mean inhibition is usually (in 7 experiments out of 10) 
lower when the [K+] is raised. The K concentrations are of the same order of 
magnitude as that in serum (about 0-006 1). 

To observe the real nature of the effect it is necessary to examine the inhibi- 
tions as a function of time, which is best done graphically. 

The graphs (Figs. 1-5) show that, when the [K*] is low (0-002 ™), the inhibi- 
tions increase with time, often considerably. The effect of the higher [K+] 
(0:0128 M) is to stabilize the inhibition. The stabilization is complete in some 
instances (e.g. the action of chloretone on rat brain with glucose as substrate, 
Figs. 2 and 3), in other instances less complete (e.g. Figs. 1 and 5), but in every 
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Fig. 1. Fig. 2. 
Fig. 1. Effect of 0-08 % luminal on respiration of rat brain in presence of glucose. 


Fig. 2. Effect of 0-033 % chloretone on respiration of rat brain in presence of glucose. 
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Fig. 3. Fig. 4. 


. 3. As Fig. 2. 
. 4. Effect of 0-027 % chloretone on respiration of guinea-pig brain in presence of glucose. 
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Fig. 5. Fig. 6. 
Fig. 5. Effect of 0-037 % chloretone on respiration of guinea-pig brain in presence of lactate. 


Fig. 6. Temperature 29°. Effect of 0-033 % chloretone on respiration of rat brain in presence 
of glucose. 
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experiment the inhibition changes less with time when the [K*] is raised from 
the low level of 0-002 M. A tendency is sometimes seen for a temporary steady 
inhibition to show itself even at this low [K+]. It may be noted that Quastel & 
Wheatley [1934], who found steady inhibitions with narcotics in their experi- 
ments on the reversibility of the inhibitions, used a [K*] of 0-0128 M, although 
this was not stated in their paper. 

When the temperature is lowered 10° to 29°, the inhibitory effect of chloretone 
no longer varies appreciably with the [K*] (e.g. Fig. 6). A steady inhibition is 
found whether the [K*] is high or low. The increasing inhibition at 39° is 
probably due to loss of K from the cell at the low external concentration, due to 
irreversible changes in the cell, which proceed much more slowly when the 
temperature is lowered. The mechanism of action of K is perhaps related to the 
fact, which will be discussed in a later communication, that respiration is higher 
and steadier in media containing the higher [K*]. Perhaps higher respiration 
maintains the nerve cell for a longer time in its normal state, better able to resist 
irreversible changes. 

The rate of development of inhibition 




















Chloretone is a narcotic sufficiently soluble to be added to the medium from a 
side-tube in the dissolved state, and in the experiments with chloretone it is 
therefore possible to study the rate of development of its inhibitory action almost 
from the time of applying it to the tissue slices. The manometric method used 
is not very suitable for measuring quantitatively rapid changes in rate, and the 
results show considerable variation in the observed time-course of development 
of inhibition (cf. e.g. Figs. 2, 3, 5, 6). Determined graphically, the time required 
at 39° for the inhibition to reach half its steady or approximately steady value 
in the high-potassium medium varies from 3 to 11 min. after the time of addition 
of the narcotic. The average time required is 7 min. ; the exact value is uncertain, 
but the order of magnitude should be correct. The time required for complete 
development of a steady inhibition is naturally a less definite quantity, but it 
may be estimated at 25-45 min. At 29° the time required for the development 
of the inhibition is perhaps longer. The limiting factor in the rate of development 
of the inhibition may well be the rate of diffusion of the narcotic into the tissue 
slices. The rate of diffusion is at least probably of the same order of magnitude 
as the rate of development of inhibition. 




















The temperature coefficient of the inhibition 






A comparison of the magnitudes of the steady inhibitions exerted by 
chloretone on the respiration of rat brain in presence of glucose at the two 
temperatures 39 and 29° (Table ITI) shows that, in the high-K medium, tempera- 
ture does not affect these inhibitions appreciably. The absence of a temperature 
coefficient is in contrast with the behaviour of ether, which will be considered in 
a later communication. 










The effect of narcotic concentration 





In Figs. 7 and 8 are shown the results of experiments in which the narcotic 
concentration was varied. The inhibition of respiration increases with the 
concentration of narcotic, but the curves are of a sigmoid character. It is 
however likely on theoretical grounds that the inhibition should follow the 
law of mass action, which when simply applied gives a very different type of 
curve. It occurred to us that the apparent deviation from the law of mass action 
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might be due to the uptake by the tissue at low concentrations of an appreciable 
proportion of the narcotic in the medium, so that the concentrations as plotted 
are, at low values, higher than the equilibrium concentrations. The correction to 
be applied should on theoretical grounds be greater the lower the narcotic con- 
centration if we are dealing with an adsorption of the narcotic by certain tissue 
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Fig. 7. Fig. 8. 


‘ig. 7. Effect of varying concentrations of luminal on brain respiration. K+ 0-002 M. 


ig. 8. Effect of varying concentrations of evipan on respiration of guinea-pig brain in presence 
of glucose. K* 0-006 M. 


Experiments were therefore made in which the amount of brain tissue per 
unit volume of medium was varied, and the inhibition of respiration caused by 
the narcotic was examined in relation to this factor. A similar method of 
demonstrating adsorption has been used by Jowett & Brooks [1928] in another 
connexion. 

The data in Table IV show that at tissue concentrations of about 10 mg. dry 
weight per ml. of medium the inhibition exerted by the narcotic is less than at 


Table IV. The effect of tissue concentration on narcotic inhibition 


K* 0-0128 M. Glucose 0-01 M 
Effect of 
mg. dry wt. narcotic on 
per ml. respiration 
Narcotic medium % 

Luminal 0-08 % — 63 
0-08 % -63 
0-08 % ~65 
0-035 % — 23 
0-035 % -16 
Guinea-pig 0-035 % — 26 
0-035 % — 26 
0-035 % -—19 
0-035 % -33 
0-035 % ~i7 
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low tissue concentrations. This shows that at high concentrations the tissue, as 
suggested, takes up an appreciable proportion of the narcotic. 
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The observed effect is in the right direction to explain the deviation of the 
curves of Fig. 7 from the law of mass action. In the experiments of Fig. 7, how- 
ever, the tissue concentration is only 3-5 mg. dry weight per ml., and it does 
not appear likely from Table IV that at such tissue concentrations the adsorp- 
tion of narcotic is sufficient to alter the inhibition seriously. 

Hence the suggested explanation probably does not suffice to explain the 
sigmoid curves. A further possibility is that the narcotic inhibits according to 
the law of mass action some step or steps in oxidation that do not ordinarily 
limit the rate of the consecutive chain of reactions that makes up the total 
oxidation, so that the mechanisms of those steps can be inhibited considerably 
before the rate of the whole chain is slowed down very appreciably. A test of this 
conception must await a detailed investigation of individual steps in oxidation 
processes ; if the conception is correct some step or steps will be found which are 
more sensitive to narcotics than is the sum-total of oxidations. 


The effect of Ca++ and phosphate on inhibitions 


The [K*] in the medium has already been shown to influence the inhibitory 
action of narcotics on brain oxidations. 

It has been found that other ions have also some effect on their action. In 
the experiments shown in Table V the inhibitions were measured over four 
successive half-hour intervals, the figures given in the table being the first and 
the last of the four values obtained. 


Table V. The effect of phosphate and Ca++ on the inhibition of brain respiration 
by 0-08°/, luminal 


Glucose 0-01 M 
The effect of phosphate concentration 


% inhibition in presence of 
a 
Species (a) 0-02 MP (6) 0-06 MP 
Guinea-pig = 42-49 K+ 0-0128 M, Ca*+ 0 
” 45-61 43-50 
* 42-61 -- 


The effect of Ca and Mg (Ca*+ 0-001 M, Mg** 0-0008 M) 
% inhibition 


> 
(a) Cat*+, Mg*+ (b) 
Species present absent 
Guinea-pig 34-48 42-61 K+ 0-0128 M, 0-02 M P 
Rat 34-60 -- K+ 0-006 MU, 0-02 M P 
2 33-60 53-74 K+ 0-006 M, 0-02 M P 
_ 49-76 K+ 0-006 M, 0-02 M P 


The data show that at a higher phosphate concentration than the usual 
(0-02 M the inhibitions are to some extent stabilized. The effect may be due to 
stabilization of the pH through the increase of the buffering power of the 
medium. 

When Ca** and Mg** are present the inhibition caused by luminal is less, at 
least with rat brain, than when these ions are absent. As Mg**, in a single experi- 
ment, has no effect, the lessening of the inhibition is probably due to the Cat. 
The effect may be related to the supposed influence of Ca++ in lessening perme- 
ability or reactivity of cells. 

Biochem. 1937 xxx1 36 
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The effect of varying substrate concentrations 


It was found by Davies & Quastel [1932] under anaerobic conditions that the 
reduction of methylene blue by minced brain in presence of carbohydrates, 
lactate and pyruvate was inhibited by narcotics, and that with lactate as 
substrate the inhibition varied with the substrate concentration. Apparently 
there was competition between substrate and narcotic for the dehydrogenases. 

Under our aerobic conditions we have found no evidence that the inhibitions 
exerted by narcotics on respiration of brain slices depend on the substrate con- 
centration. Data in Table I show that varying the glucose concentration does 
not affect the luminal inhibition, and data given in Table VI show that varying 
the concentration of lactate or pyruvate does not affect the inhibition of respira- 
tion by luminal or chloretone. 

The apparent discrepancy between the two results is probably due to the 
very different conditions of the two sets of experiments, which involve different 
media, different states of the tissue, and aerobic as against anaerobic conditions. 
It may be noted that Davies & Quastel had to use ten times as high a chloretone 
concentration to secure inhibitions of the order obtained in our experiments. 

We are inclined at present to believe that the difference between the results 
is due to the use of anaerobic conditions by Davies & Quastel, which, it is sug- 
gested, results in a lowered sensitivity to narcotics. The action of narcotics 
under anaerobic conditions is at present being investigated. 


Table VI. The effect of substrate concentration on inhibitions 
K+ 0-0128 M. Experimental period 2 hours 
Inhibition 
of Qo, 

Species Substrate Narcotic % 
Rat Pyruvate 0-01 WV Chloretone 0-037 % 37 
0-08 M * 37 
Guinea-pig » 006M Luminal 0-08 °, 27 
» 901M 28 


Guinea-pig d-Lactate 0-06 WM 39 
~ 0-01 MU 31 


The destruction of pyruvate 


It has been found (Table VII) that, when the respiration of brain in presence 
of pyruvate is inhibited by luminal, the disappearance of pyruvate from the 
medium is inhibited to an approximately equal extent. Pyruvate has been 
estimated colorimetrically [Jowett & Quastel, 1937]. 


Table VII. The effect of 0-12°/, luminal on the oxidation of pyruvate 
by rat brain 


K* 0-006 M, pyruvate 0-01. M. 2 hours 
Q,=rate of formation of pyruvate in the same units as Qo, 


Value of quotient Effect of 
Metabolic see ee nae luminal 
quotient (a) Alone (6) With luminal % 
Qos ~ 13-1 — 56 -57 
p - 76 —4-4 —42 
Qo, ~15-2 -6-4 —58 
Q — 84 —4-1 -51 
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Such an inhibition is consistent with an action of the narcotic on the first 
stage of the oxidation of pyruvate, but does not prove that the action is on the 
first stage. The narcotic might act on a later stage, and the inhibition of this 
later stage might in turn inhibit the first stage, for accumulation of inter- 
mediary metabolites might bring about inhibition of an earlier stage. 

It may be observed that the ratio of pyruvate disappearance to oxygen con- 
sumption is greater than the theoretical value for complete combustion (0-40). 
This shows that brain slices, like kidney slices (as can be seen from data given by 
Krebs [1933]), do not burn pyruvate completely. 











Production of pyruvate from lactate 






Solutions of lactate in which brain slices have been respiring give colours, 
when tested by the colorimetric method already referred to, which are probably 
to be attributed to pyruvate. It would of course be expected that some pyruvate 
should be found in the medium, since a definite concentration of pyruvate must 
be present in the tissue slices in which pyruvate is being formed and destroyed. 
The concentration of pyruvate in the medium may well be (after 2 hours’ 
respiration) in dynamic equilibrium with that in the tissue slices; it is therefore 
likely that the pyruvate concentration in brain slices burning lactate is of the 
order 2x 10-4 M, which is the approximate concentration found in the medium. 
The figures given in Table VIII are only to be taken as approximate. They 













Table VIII. The production of pyruvate from lactate by brain slices, in 
absence or presence of 0-08°/, luminal 





Pyruvate conc. 
(M x 10+) 












= eran 
(6) In 


presence of 







Exp. Substrate Species [K+] (a) Alone luminal 
1 d-Lactate 0-02 M Rat 0-0128 M 2-2 1-6 
» 0-02 M 5 0-002 M 2-0 0-9 
2 > 0:06 M Guinea-pig 0-0128 MW 2-9 2-6 
» 001M a 0-0128 WM 1-6 1-1 





show however that in the presence of luminal the pyruvate concentration is 
lower than in its absence. Similarly it has been found that chloretone lowers 
the pyruvate concentration. 

It may be concluded that narcotics have some inhibitory action on the 
oxidation of lactate to pyruvate. If this were not so, narcotics should raise the 
pyruvate concentration, for, as already shown, they inhibit the disappearance 
of pyruvate. 

The nett production of pyruvate is small in relation to the other metabolic 
quotients, figures for Qp being of the order 0-3-0-8. 












THE EFFECTS OF NARCOTICS ON THE METABOLISM OF LIVER, KIDNEY 
AND DIAPHRAGM 


With brain, which in absence of added substrates has a low and rapidly 
falling respiration, it probably involves little error to regard the total respiration, 
in the presence of a substrate which raises the respiration greatly, as due 
entirely to oxidation of that substrate. An inhibition of the total respiration of 
the order of not more than, say, 50% may be considered as an inhibition of the 
oxidation of the added substrate. 











36—2 
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With most other tissues the respiration is seldom raised by added substrates 
to such an extent that the “control” respiration can be disregarded. It is 
impossible from respiration measurements alone to deduce quantitatively the 
effect of an inhibitor on the oxidation of an added substrate. The “control” 
respiration and the oxidation of an added substrate cannot be assumed to pro- 
ceed additively, nor can it be assumed that the “control” respiration is replaced 
entirely by the oxidation of the added substrate. The truth probably lies between 
these two assumptions, and the effect of an inhibitor on the oxidation of an added 
substrate probably lies between (a) the inhibition of the total respiration and 
(6) the inhibition of the ‘‘extra” respiration due to the substrate. 

In the present experiments (Table IX) on respiration, both these figures have 
been calculated, and fortunately they usually allow us to form a semi-quantita- 
tive idea of the effect of the narcotic. Experiments must usually be made with 


Table IX. The effect of 0-08°), luminal on the respiration of rat tissues 
K+ 0-002 VM. Experimental period 2 hours 


% effect of narcotic on 


Qo, Without narcotic (c) Extra 
“———_-, (b) Total Qo, due 
(a) (6) With (a) Qo, Qo, with to sub- 
Tissue Substrate Alone substrate alone’ substrate strate 
Liver — 7-48 — —39 — 
— 5-60 — -17 = 
oa 8-13 _— —33 = 
d-Lactate 0-02 MV 7-76 10-51 —44 — 45 
6-95 9-80 —29 —45 
7-36 10-67 —32 —40 
7 8-23 11-57 —38 —39 
Butyrate 0-02 M 6-47 7-86 —34 —38 
= 7:37 8-45 —36 —40 
Succinate 0-02 MV 6-76 26-04 — 34 -15 


d-Lactate 0-02 M | 32-5 -18 -1l 
34-9 -15 - 6 
26-0 -14 —42 
26-7 -29 —48 
21-7 -14 -17 
24-4 — 32 -37 
21-2 —30 -10 
25-1 -ll - 8 
38-4 —32 -31 


9-4 —24 —40 
9-5 —24 —32 
9-3 -39 —32 
9-5 -17 —22 


” 


” 
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Diaphragm Pyruvate 0-02 M 
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* Rat previously starved for 3 days. Fed in other experiments. 


great care to obtain the required accuracy ; we have rejected a number of experi- 
ments which presented internal evidence of inconsistent behaviour of one or 
more of the four sets of tissue slices used. 

In these experiments the same concentration of luminal has been used as in 
Table I, and the experiments on liver, kidney and diaphragm are therefore 
comparable with those on brain. The results show that oxidations in brain and 
in other tissues show much the same sensitivity to luminal. A typical experi- 
ment showing the time-course of the respiration in presence and absence of 
luminal is illustrated in Fig. 9. 
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The mean inhibitions of the respirations of liver, kidney and diaphragm with- 
out added substrates are respectively 34, 22 and 26%. The inhibitions vary 
appreciably, as might be expected from the probably variable make-up of the 
respiration. The inhibitions are less than 
that shown by brain in presence of glu- 
cose under similar conditions (Table I). 
In the presence of 0-033°% evipant 
(Table X) there appears to be a greater 
difference between the sensitivity of 
brain respiration and that of other 
tissues. 

The oxidation of glucose by kidney 
is probably inhibited (Table 1X). Pyru- 
vate oxidation by kidney is considerably 
inhibited and that by diaphragm is also 
inhibited. The oxidation of lactate by 
liver is inhibited, as is probably that 
by diaphragm ; the oxidation of lactate 
by kidney seems unaffected. Roughly, 
it can be said that the oxidations of glu- 
cose, lactate and pyruvate are affected xh 
by luminal to about the same extent as Time 
in brain. Succinate oxidation by liver Se ; 
is unaffected bv luminal. as is also the Fis: 9: Respiration of rat liver in presence and 

: Me . absence of lactate and of 0-08 °% luminal. 
case with brain. K+ 0-002 M. 

Kidney and liver are able to oxidize 
many substances that brain does not, and with these organs it is possible to 
investigate, therefore, the sensitivity to narcotics of many other oxidations than 
those of carbohydrates and allied substances. 


Respiration (Qo,) 


Table X. The effect of 0-033°), evipan on the respiration of guinea-pig 
tissues in presence of glucose 


K* 0-006 M, glucose 0-01 M, pH 7-4 


Qo, in presence Effect of 
Tissue Qo, alone of evipan narcotic % 
Kidney 
Liver 
Testis 
Spleen 
Brain 


+ 5 

2 
-16 
-17 
—33 


_— 
t 
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As a representative of fatty acids, butyric acid was studied. The effect on 
respiration makes it probable that the oxidation of butyrate by liver is inhibited 
by luminal, and the conclusion is strengthened by the finding that luminal 
inhibits the nett acetoacetic acid formation from butyrate (Table XI). The 
oxidation of butyrate by kidney seems little affected by luminal. If butyrate 
oxidation is unaffected, it might be expected that oxidation of acetoacetate would 
also be unaffected, since butyrate is probably oxidized through acetoacetate as 
intermediary. The destruction of acetoacetate by kidney is in fact (Table XI) 
little retarded by 0-08 % luminal. 


1 Evipan is sodium N-methyleyclohexenylmethylbarbiturate. 
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Table XI. The effect of 0-08°/, luminal on acetoacetic acid formation and 
breakdown in rat tissues.* 










A. Liver. Formation from butyrate (K*+=0-002 M) 









Effect of 
Q sc (with narcotic 
Exp. Butyrate cone. Q sc (alone) narcotic) % 
1 0 +0-23 — 0-04 -— 100 
0-02 M +1-07 +0-19 — 82 
2 0 + 0-43 +0-23 — 46 










0-02 M +1-58 +0-80 — 50 


B. Kidney. Breakdown of acetoacetate (K+ =0-002./) 










Acetoacetate Q ac (with 

Exp. cone. Q ac (alone) narcotic) 
1 0-008M —5-4 -46 —14 
2 0-008. M —4:8 —4-2 -12 






* Cf. Jowett & Quastel [1935] for details of the determinations. 











As a readily oxidized amino-acid, alanine has been examined. From respira- 
tion measurements it appears that the oxidation of alanine by kidney is inhibited 
by luminal. The rate of ammonia production is likewise inhibited (Table XII).! 





Table XII. The effect of 0-08°/, luminal on the oxidative ammonia production 
from alanine by rat kidney 


K+ 0-002 M. 14-2 hours. 0-02 M dl-alanine 
No NH, was found in absence of alanine 
















Qnxuy (with Effect of narcotic 
Exp. Oxug (alone) narcotic) % 
1 +72 +33 ~54 
2 +6-9 +3°8 -~45 
3 +57 43-1 45 


We will now consider whether luminal inhibits the oxidative deamination of 
alanine, or only the subsequent oxidation of the pyruvic acid formed. If the first 
stage is not itself inhibited, the inhibition of ammonia formation must be 
exerted indirectly, and probably through a competitive inhibition of the 
deaminase by accumulation of pyruvate. However, Krebs [1933] has found that 
in presence of arsenite accumulation of pyruvate occurs without inhibition of 
the deaminase. There is therefore in all probability a direct action of luminal 
on the deaminase. 

These experiments show that the inhibitory action of narcotics is not restricted 
to the oxidation of glucose and its breakdown products by the brain. Oxidations 
of these substances in other tissues are inhibited to about the same extent by 
luminal, and oxidations of fatty acids and amino-acids may be inhibited. Much 
more investigation is desirable on the inhibiting effects of narcotics on different 
types of oxidations. 






















The effects of narcotics under vital conditions 


The view was advanced by Quastel & Wheatley [1932, 1] that narcosis is 
due to a depression of oxidations in the nervous system, the oxidations con- 
cerned being those of glucose, lactate and pyruvate. Parallelism between 







1 Weare indebted to Mr A. H. M. Wheatley for his assistance with the experiments of Table XI, 
and also with the evipan experiments (Fig. 8, Table X). 
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hypnotic activity and inhibitory action on brain oxidations was found among 
narcotics of the same chemical type. 

To establish the view it will be necessary to prove that narcotics inhibit 
oxidations in the nervous system at concentrations which bring about narcosis 
without resulting in death. 

The concentrations of narcotics that we have used in most of our present 
experiments cause considerable inhibitions of carbohydrate oxidation in the 
brain, and such concentrations would probably be lethal. Before turning to the 
effects of lower concentrations, we will consider some of the evidence already 
available that the metabolism of the organism is affected in narcosis. 

Work on the intact organism has in fact shown that narcotics affect carbo- 
hydrate metabolism [Peters & Van Slyke, 1931]. During anaesthesia the 
glucose and lactic acid concentrations in the blood are raised, and an acidosis 
appears parallel with the lactic acid accumulation. During fairly short periods 
of anaesthesia, there is no great alteration in the ketone bodies of the blood. In 
prolonged narcosis, used as a treatment for certain types of mental disorder, 
ketosis often develops, which disappears on administration of glucose and 
insulin [Quastel & Strém-Olsen, 1933; Strém-Olsen, 1933]. It may be con- 
cluded that an inhibition of some stage or stages of carbohydrate utilization is 
probably caused by narcotics, in which liver or muscles or both are concerned. 
It is as yet uncertain whether the effects on carbohydrate metabolism in these 
organs are exerted through a direct action on the tissues concerned, or indirectly 
through nervous, hormonal or other circulatory influences. If the action should 
be direct, it is likely that carbohydrate metabolism in the brain will also be 
affected, for our experiments have shown that in vitro oxidations in brain tissue 
are at least as sensitive to narcotics as those of other tissues. 

We return to the problem of showing that oxidations in brain or other tissues 
are inhibited in vitro by concentrations of narcotics that cause narcosis in vivo. 
At present we can offer no more than a comparison of the order of magnitude of 
the concentrations of narcotics (a) which affect measurably brain oxidations 
in vitro and (b) which exist in the blood in contact with the brain during narcosis. 
The latter concentrations are the more uncertain. 

With evipan in vitro a concentration of 0-016 % causes an inhibition of about 
10% in the respiration of guinea-pig brain in presence of glucose (Fig. 8). When 
12-5 mg./kg. of evipan are injected intravenously into a rabbit, an immediate 
anaesthesia, without disappearance of the optic reflex, is produced, which lasts 
only 10 min. If we assume that the evipan is distributed at first only throughout 
the blood, and take the blood as 8 %, of the body weight, it will be concluded that 
the narcotic concentration to which the rabbit brain is at first subjected is 
0-016 %. 

With chloretone, we have no figures for the effect at low concentrations, 
but estimate that 0-01 °% chloretone would inhibit the respiration of guinea-pig 
brain in presence of glucose by 10-15%. It was found that 180 mg./kg. 
of chloretone, injected intraperitoneally into a guinea-pig, caused narcosis. 
Assuming the chloretone to be distributed uniformly throughout the animal, its 
concentration during narcosis would be 0-018 %. 

With luminal, a concentration of about 0-025 % inhibits the respiration of 
rat or guinea-pig brain in presence of glucose by 10% (Fig. 7). According to 
Keller & Fulton [1931], injection of 200 mg./kg. into monkeys abolishes response 
of the motor cortex, but is barely sufficient for surgical operations. Assuming 
the luminal to be uniformly distributed throughout the body, its concentration 
(in monkeys) during narcosis is 0-02 %. 
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These approximate data and assumptions are sufficient to show that the 
narcotic concentrations which produce narcosis in vivo are of the same order of 
magnitude as the narcotic concentrations which in vitro inhibit measurably the 
respiration of the cerebral cortex. A more exact conclusion would demand much 
more exact information. 


SUMMARY 


1. An investigation has been made of the effects of narcotics (luminal, 
chloretone and evipan) on the respiration of tissue slices. 

2. The following results have been obtained with brain. ~ 

(a) The respiration is more sensitive to luminal in the presence of glucose, 
lactate and pyruvate than in the presence of other substrates examined. 

(b) The inhibition of respiration by narcotics tends to be independent of time 
when the potassium ion concentration of the medium is sufficiently high, while 
at low potassium ion concentrations the inhibition increases with time. 

(c) Calcium ion influences the inhibitions. 

(d) The inhibition due to chloretone develops rapidly after addition of the 
narcotic and has no temperature coefficient. 

(e) The substrate concentration has not been found to influence inhibitions 
of respiration by narcotics. 

(f) The variation with narcotic concentration of the inhibition of respiration 
by narcotics follows a sigmoid curve. 

3. Narcotics inhibit oxidations by slices of liver, kidney and diaphragm, 
both when no substrates are added and in presence of some substrates, such as 
pyruvate. The respiration without added substrates is less sensitive to narcotics 
than is the respiration of brain in the presence of glucose. Narcotics inhibit the 
oxidation of butyrate by liver and that of alanine by kidney. 


4. The following individual stages in oxidation appear to be inhibited by 
narcotics: (a) the oxidation of lactate to pyruvate by brain, (6) the oxidative 
deamination of alanine by kidney. 

5. Narcotic concentrations which produce narcosis in vivo are of the same 
order of magnitude as those which inhibit measurably the respiration of the 
cerebral cortex in vitro. 
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INTRODUCTION 


Effects of esterification. Allen and Doisy and their co-workers [1924] in their 
early work on ovarian extracts found that a given amount of active substance 
was much more efficient when administered as a series of small doses than when 
given in one injection. With the advent of more purified preparations and of 
aqueous solutions, divided dosage became even more advantageous. Thus 
Laqueur & de Jongh [1929] found that more than 30 times the total amount of 
extract was required to give the same effect when the whole dose was given in 
one injection instead of in six separate injections over 36 hours. These results 
were confirmed by Dodds and his co-workers [Allan e¢ al. 1928] and by Marrian 
& Parkes [1929], and could obviously be explained by supposing that a single 
dose, especially in aqueous solution, was quickly absorbed and excreted or 
destroyed, and that the duration of threshold concentration in the blood neces- 
sary for a positive response could only be achieved either by a massive single 
dose or by a series of injections. 

Soon afterwards it was discovered by Butenandt [1930] that oestrone ben- 
zoate had a prolonged action, a finding afterwards confirmed by David e¢ al. 
[1935] for oestradiol monobenzoate. In the meantime Zondek [1934] had found, 
as might be expected from Butenandt’s results, that the benzoate did not 
disappear from the body so rapidly after injection as the free hormone. Sub- 
division of the total dose is thus not necessary for achieving the maximum 
effectiveness of the benzoate as it is in the case of the free hormone. It follows 
from this that extraordinary differences in the apparent relative activities are 
obtained according to the method of test used for comparing the free hormone 
and the benzoate. Other esters of the oestrone series which have been examined 
include oestriol triacetate [Marrian, 1930], which in the ordinary routine test 
was about two-thirds as active as oestriol, and oestradiol diacetate and di- 
benzoate which were found by David et al. [1935] to show much less intense, but 
more prolonged actions than the free hormone, the minimum effective dose of the 
dibenzoate being 170 times greater than that of the free hormone. 

This work on the effect of mode of administration on the efficiency of oestrone 
and oestradiol has been paralleled remarkably closely by recent tests on the male 
hormones. Both androsterone and testosterone are rapidly excreted or destroyed 
after subcutaneous injection. An extraordinary increase in effectiveness of a 
given dose can be induced if absorption is delayed by subdividing the daily dose, 
increasing the volume of oil in which the hormone is dissolved, adding fatty acid 
to the solution or esterifying the hormone [see Miescher et al. 1936, and Parkes, 
1936]. 

( 579 ) 
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Physiology of feather development. The prolongation of action by esterification 
in the oestrone series suggested that results of interest would be obtained on the 
feathers of the Brown Leghorn capon. 

Brown Leghorns show extreme sex dimorphism in the plumage; in particular 
the ventral feathers are solid black in the cock and fawn in the hen. Castration 
does not affect the colour of the cock plumage, but complete ovariectomy results 
in reversal of the plumage to the male type at the first moult after operation or 
after plucking. The male plumage is therefore the asexual or neutral type, while 
the female plumage results from the action of the ovarian hormone on this 
neutral type. The effect can be reproduced by the injection of oestrone into the 
capon while feathers are growing; the black ventral feathers grow brown so long 
as an effective concentration of oestrone is present in the circulation. Existing 
plumage is not, of course, affected. The physiology of this feather response has 
been fully dealt with by Juhn & Gustavson [1930], Juhn e¢ al. [1931] and Lillie & 
Juhn [1932]. Their chief findings relevant to the present work are: 

(a) The feathers of the different tracts grow at different rates and have 
correspondingly different sensitivities to oestrogenic substance; thus the saddle 
hackle grows much more slowly than the breast feather and is much more 
sensitive. The rate of feather growth can easily be determined and with it the 
duration of action of a dose or a course of doses of oestrone. 


(¢) 


‘ig. 1. (a)-(d) Diagram of types of response of breast feathers of Brown Leghorn capons to various 
types and doses of oestrogens. 


(6) The apical-basal rate of growth of the feather is approximately constant 
so that the sensitivity of the feather is similar at different points along its length. 
The barbules, however, show a growth-rate gradient, the growth of the tips 
being faster than the subsequent growth of the base, and as a result the tips are 
less sensitive to oestrone. 

It is thus possible to put a transverse or a longitudinal bar in the feather by 
appropriate dosage with oestrone. Fig. 1 illustrates some of the extreme types 
of response observed in the present work. In the following description a stimulus 
of “full effective intensity” means one sufficient to influence the barbs at any 
stage of their growth, while a stimulus of “minimum effective intensity” means 
one which will influence only the more sensitive bases of the barbs. 










ESTERS OF OESTROGENS 581] 






(a) Rachis spot. This type of response results from a stimulus of minimum 
effective intensity and short duration, such as is provided by a single small dose 
of a compound readily available to the organism. 

(6) Narrow complete bar. This type of response results from a stimulus which is 
of short duration, but of full effective intensity during the time. A large dose of a 
readily available compound gives a response of this type. 

(c) Long rachis stripe. This type of response results from a minimum stimulus 
maintained at a constant level for a long period. Such a response can only 
be obtained by a carefully adjusted daily dosage or by a single very large 
dose of a compound which becomes available to the bird very slowly but 
continuously. 

(d) Wide complete bar. This results from a stimulus of full effective intensity 
and long duration, and is obtained with adequate daily dosage or with one large 
dose of a compound which becomes available at an optimum rate. 


















Material 





Greenwood & Blyth [1935] have dealt with individual variation in birds, 
and with certain factors affecting it, of which the most important appears to 
be age. 

The birds used in the present study comprised four batches of capons hatched 
in 1935. Each batch was divided into a number of groups of, usually, 5 birds, 
and so far as possible results are compared only on groups of the same batch 
injected at the same time. For each test, the whole of one side of the breast was 
plucked and regeneration was allowed to proceed for 10-17 days before injection 
was made. When the feathers were fully grown, the inside rows of the tract were 
sampled in the region of the crop. Under these conditions, variation in response 
among different feathers from this small area of one bird was slight, while that 
from bird to bird was not serious and actually appeared to be less than that 
found with many biological tests. 

The dose of hormone was dissolved in a fairly large volume of arachis oil, 
usually 5ml. No other solvent was used in these experiments. A definitive 
experiment failed to show any influence of the volume of oil on the duration of 
the response, but other experiments, not included here, show a very clear in- 
fluence of the nature of the solvent. The total dose was administered as a single 
intramuscular injection. 

Dosage of the esters was always calculated in terms of free hormone. Thus 
1-38 mg. oestradiol benzoate =1-0 mg. oestradiol etc. 
























Feather growth rate 






In order to translate “width of brown bar” into “days of action of the 
hormone” it is necessary to know the feather growth rate. This was found for the 
stock of birds in question by measuring the distance from the tip of the feather 
to the top of the bar at the rachis and then plotting this against the time 
between the plucking of the previous feathers and the injection. As the injection 
does not take effect instantaneously the figures for growth rate obtained by this 
method are slightly on the high side, but the data given by Lillie & Juhn [1932] 
suggest that the error is negligible. 

The results are shown in Fig. 2, from which it will be seen that 3-5 days 
elapse after plucking before a new feather blade is laid down, and that subse- 
quent growth is nearly linear (as shown by Lillie) and averages about 2 mm. 
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per day. This figure has therefore been used as the basis of calculation of 
duration of hormone action. 


Growth, mm, 


6 8 
Days after plucking 


Fig. 2. Length of breast feather blade of Brown Leghorn capons at various times after plucking of 
the previous feathers. (Each point is the average for a group of 3-5 birds.) 


Action of free hormones 


Oestrone. Three different doses of oestrone were used, 100y, 250y and 4 mg. 
Eight birds received 100y; three showed no response, three showed good rachis 
spots and one a faint one, while the last had a narrow incomplete bar. Four 
received 250y; one had a faint rachis mark only, while the other three had com- 
plete narrow bars. All the five birds on 4mg. showed complete bars, averaging 
5 mm. in width at the rachis. 

Oestradiol. Twenty-five birds received 100 y oestradiol, of which two showed 
good rachis spots, three faint rachis spots and three faint incomplete bars, 
while seventeen gave no response. Six birds received 250y free oestradiol, of 
which two showed no response, two showed rachis spots and two narrow bars. 
Four received 1 mg., three of which showed bars and one a rachis spot. Fourteen 
receiving 4 mg. all showed a well-developed bar (Fig. 3 and Plate IV, fig. 1). 

Oestriol. Five birds receiving 250+ oestriol all failed to sliow a response. 

The free hormones therefore show the following descending order of effective- 
ness by this test: oestrone, oestradiol, oestriol. It appears to be impossible to 
obtain a prolonged effect with any of these free hormones in oil solution even if 
the dose is increased to twenty times the minimum effective level. About 3 days 
is the longest period of activity obtained. 


Effect of acetylation 


Oestrone acetate. Four birds received 100y oestrone as acetate; two of these 
showed no response, while the other two showed rachis spots. Five received 
250 y; two showed faint rachis spots, two narrow complete bars and one a wider 
bar. Three birds receiving 1 mg. all showed a well-developed bar, averaging 
about 4mm. in width (Plate IV, fig. 3). Comparison of these results with those 
obtained with free oestrone shows that acetylation in position 3 has little effect on 
the duration of action. 
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Oestradiol diacetate. Five birds were given 100; three showed heavy rachis 
spots and two complete bars. Nine receiving 250+ all showed complete bars, of 
which one was nearly 10 mm. wide. Three receiving 1 mg. all showed wide bars 
(average 11-6 mm.). Of three receiving 4 mg. two showed wide bars, and one a 
much less wide bar (average 13-3mm.). Comparing these results with those 
given by the oestrone acetate it is evident that acetylation in position 17 has a 
very decided effect on duration of action as compared with acetylation in posi- 
tion 3. 

Oestriol triacetate. Five birds receiving 100 and five 250 gave no response. 
Of five receiving 1 mg. one showed a narrow bar, three good rachis spots, and one 
a faint rachis spot. Five receiving 4 mg. all showed complete bars, average 
width 4mm. From these results it is clear that oestriol triacetate is an ineffective 
compound, | mg. giving less response than one-tenth of that amount of oestradiol 
diacetate. 

Effect of benzoylation 


Ocstrone benzoate. This proved to be a highly effective compound. 100y 
produced good bars in three out of five birds, and heavy rachis spots in the other 
two. Amounts of 250y, 1 mg. and 4 mg. each given to five birds produced 
increasingly wide bars, the heaviest dose being capable of feminizing almost the 
whole feather (see Fig. 3). 
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Oestradiol diacetate 


| : 
( Jestradiol 
0 


05 10 2-0 3°0 4°0 
Dose in mg. 


Duration of effect, days 


Fig. 3. Dose-response curves for duration of action of various esters 
of oestrone and oestradiol. 


Oestradiol 3-monobenzoate. This compound studied on a total of fifty birds 
proved to have a prolonged action, though slightly less in the higher doses than 
that of oestrone benzoate. (Fig. 3 and Plate IV, fig. 2). Furthermore the com- 
pound showed a more intense action than the free hormone, 50 y producing rachis 
spots in two, and narrow bars in three, out of five birds. 

Oestradiol dibenzoate. The results of acetylation suggested that esterification 
in position 17 had more effect in prolonging the action than had esterification in 
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position 3. It thus seemed that oestradiol dibenzoate might have an extremely 
prolonged action, in which case the minimum effective dose might be expected 
to be high. In practice, this turned out to be so. Doses of 250, 1 mg. and 4 mg. 
evoked no response at all in thirteen birds. 10 mg. to each of seven birds pro- 
duced the most varied effects. Two birds showed a rachis stripe down the whole 
length of the feather, three showed a curious brown mottling of the feather, quite 
unlike the usual clear-cut response, one gave no response, while one gave the full 
normal response for so long a period that new feathers growing six weeks after 
injection were still appearing brown. 

Oestradiol 3-benzoate-17-acetate. The above results show that 3-benzoylation 
and also 17-acetylation are beneficial to lengthening activity. The combination of 
both to produce a double ester gave the longest-acting compound so far examined 
(Fig. 3 and Plate IV, fig. 3). 1 mg. produced an effect as prolonged as that of 
4 mg. oestrone benzoate. This compound, however, was found to have a higher 
minimum effective dose, only one of the five birds given 100 y showing even a 
rachis spot. 

Other compounds. Five birds receiving 100y oestrone methyl ether gave 
three negative responses, one rachis spot and one bar. Of three birds given 
17-methyloestradiol one only showed a faint rachis spot. Four birds receiving 
1 mg. 3-methoxy-17:17-dimethyloestratetraene all failed to produce a response. 


Discussion 


The results described above show that the growing feather of the Brown 
Leghorn capon is an excellent test object for determining the duration of action 
of oestrogenic compounds. This duration of action clearly depends on (a) the 
threshold value for the feminization effect and (b) the extent to which the bird 
can conserve hormone present in excess of the threshold requirement. It is 
evident that the bird, like the mammal, is unable to retain excess of free oestrone 
or oestradiol in the body and that a large dose is mostly wasted by excretion or 
destruction and will produce only an evanescent effect. From the nature of the 
results it is evident that esterification may greatly reduce the availability of the 
hormone to the bird, so that a single dose may be liberated over a long period 
and may therefore exert a prolonged effect if the amount of free hormone in the 
circulation is continuously above the threshold value. Esterification in position 
17 decreases availability more than esterification in position 3 and benzoylation 
more than acetylation. The most efficient compound so far examined, oestradiol 
3-benzoate-17-acetate, in a dose of 250y, gave an effect lasting more than 10 
days, so that the necessary threshold value can apparently be maintained by the 
liberation daily of not more than 25y of free hormone. Probably the minimum 
figure is much less. Since 4 mg. free oestradiol give an effect for three days only, 
more than 98 % of this dose is wasted. We have so far no evidence as to whether 
the excess material is destroyed or excreted, but we hope to ascertain this by 
metabolism experiments, for which the fowl is well suited. It may be noted here 
that in view of Marrian’s work [Cohen & Marrian, 1936] it is likely that the 
injected hormone is excreted as a water-soluble ester. In this case one might 
expect a marked difference in the behaviours of oestrone benzoate and oestradiol 
3-benzoate, since the former could only be esterified for excretion after hydrolysis, 
whereas the latter could be made into a 17-glucuronide which might be excret- 
able without hydrolysis. The fact that there is no great difference between the 
two esters suggests that they are both hydrolysed before excretion. More recent 
experiments show that hydrolysis is rapid once the compound reaches the blood 
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Fig. 2. Effect of oestradiol monobenzoate: (left to right) 50 y, 100y, 250y, 1 mg., 4 mg. 


ig. 3. (Left to right). Effect of 1 mg. oestrone as acetate, 1 mg. oestradiol as benzoate, and 1 mg. 
oestradiol as 3-benzoate-17-acetate. 
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stream and that the prolonged action of the esters is due mainly to delay in 
absorption from the site of injection. This aspect of the problem will be dealt 
with in a separate communication. 


SUMMARY 


1. Feminization of the growing plumage of Brown Leghorn capons has been 
used to determine the duration of action of various esters of oestrone, oestradiol 


and oestriol. 

2. Even massive doses of the free hormones, given as one injection, have 
only a transient effect. Oestrone acetate is scarcely more effective. Oestradiol 
diacetate, oestradiol monobenzoate, oestrone benzoate, in that order, show 
increasingly prolonged activities without loss of intensity (i.e. without increase 
of the minimum effective dose). 

3. Oestradiol 3-benzoate-17-acetate shows prolonged activity with a slight 
loss of intensity. Oestradiol dibenzoate has a very low intensity, but large doses 
may have a very prolonged action. Oestriol triacetate has a low intensity and 


apparently only a transient effect. 


Iam much indebted to Dr R. K. Callow and Dr D. Beall for the preparation 
of certain of the esters and to Dr A. W. Greenwood for information about 


plumage. 
The oestradiol dibenzoate was generously supplied by Organon Laboratories. 
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In the course of some experiments on the hydrolysis of «-amylodextrin (Baker) 
(erythrogranulose of Wijsman) by malt amylase, it was observed that the 
mutarotation exhibited by the fission products was in the «-sense, whereas the 
same enzyme acts on starch, amylose etc., to yield products which exhibit 
mutarotation in the f-sense. It seemed that, in «-amylodextrin, we had a sub. 
strate which itself determines the sense of mutarotation, producing an «-effect 
with a predominantly B-amylase. However the subsequent work and con- 
clusions of Freeman & Hopkins [1936, 2] were opposed to the hypothesis that 
the sense of mutarotation of the fission products was characteristic of the 
substrate and not of the enzyme. Nevertheless the investigations prosecuted with 
a-amylodextrin warrant discussion as they serve to bring to notice a number of 
interesting facts. 

Haworth et al. [1935] found that a preparation of «-amylodextrin, on acetyla- 
tion followed by methylation of the acetate, yielded a methylated amylodextrin, 
analysis of which indicated that «-amylodextrin has a chain length of 16-17 
glucose units. There was no evidence to show that, except in the matter of chain 
length, the amylodextrin molecule was different in structure from that of starch 
(about 25-30 glucose units). One significant point, however, was that phosphorus 
was present in the dextrin in more than twice the percentage normal for potato 
starch and appeared to be chemically combined. 

Experiments reported in this communication lead to the conclusion that there 
is some structural difference, of character quite unknown, between the chain of 
a-amylodextrin and that of starch. The persistent difficulty experienced in 
hydrolysing «-amylodextrin by malt amylase, particularly in the later stages, and 
the high proportion of glucose found in the reaction products of the “difficult 
hydrolysis” are indications of a feature of molecular structure not present in the 
remainder of the starch. Other workers using amylases have arrived at such 
conclusions, e.g. Ling & Nanji [1923]. Admittedly the possibility must be borne 
in mind that «-amylodextrin may be a synthetic product of enzyme action, but 
such resynthesis is improbable; it does not occur when amyloamylose is hydro- 
lysed by barley amylase. Further it may be that the phosphorus present has 
some influence in inhibiting degradations by amylases in certain cases, but the 
quantity of phosphorus found in «-amylodextrin by Haworth et al. (0-48% 
P,O;) is inadequate to provide even one atom per three chemical molecules. 

It was found that malt amylase promotes the hydrolysis of x-amylodextrin 
at a relatively high rate until about 35-40% (as maltose) of the theoretical 
( 586 ) 
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hydrolysis is attained, later at a much lower and more nearly linear rate. The 
point of change is fairly well marked and depends on the activity of enzymes 
present. During the first (fast) phase the fission products appear to be maltose and 
reducing dextrins, with very little or no glucose. Mutarotation of these products 
was in the «-sense and agreed quantitatively with reasonable closeness with the 
supposition that B-maltose and «-dextrins were formed, the latter presumably 
by the action of the «-, the former by that of the 8-amylase. During the second 
(slow) phase, apparently only glucose is formed as reducing sugar. The hydro- 
lysis could not be promoted rapidly enough for the sense of the mutarotation to 
be observed. Although a total hydrolysis equivalent to 96-97°% (maltose) 
was attained, so much of the reducing matter was actually glucose, that an 
appreciable residue of incompletely hydrolysed matter remained, equivalent to 
perhaps 30% of the «-amylodextrin. 


EXPERIMENTAL 


a-Amylodextrin and malt amylase were prepared as described by Freeman & 
Hopkins [1936, 1, 2], except that the procedure of fractionation of the latter into 
the «- and B-components was omitted. The preparation was free from maltase. 

For the observations of mutarotation the reaction mixture was poured 
through a specially prepared Biichner filter passing 20 ml. of liquid in 3-5 min. 
The filter, which was devised by one of us (K. B.), had the property of adsorbing 
all suspended material (much of which would pass an ordinary filter) and all, or 
almost all, of the enzyme. It is also evident, from a consideration of the 
rotations of the filtrates recorded in Table IT in conjunction with the concentra- 
tions of amylodextrin in the reaction mixtures from which they were respectively 
obtained, that much of the more complex dextrin had been held back. The 
technique had also the advantage that enzyme action was proceeding until the 
liquid passed the filter, and then ceased. As soon as just enough had passed 
through, a 1 dm. polarimeter tube was filled and a first reading was secured, 
while 10 ml. of the same filtrate were run into 1 ml. of N Na,CO, to complete the 
mutarotation. After 20-30 min. the latter was filtered and its rotation was taken. 
This was found to agree well with the final rotation of the portion previously 
read, thus indicating that no enzyme action was proceeding after filtration. 

Preparation of the filter. A suspension of ferric phosphate was prepared 
by adding 11° disodium phosphate (Na,HPO,,12H,O) to 4% FeCl, at room 
temperature with rapid stirring until the mixture was exactly neutral to litmus. 
(It is important not to allow the mixture to become alkaline to litmus during 
mixing, otherwise ferric hydroxide is deposited). The precipitate was washed by 
decantation until free from chloride and stored in suspension. A large Biichner 
funnel, adapted to a small receiving flask, was fitted with a damp filter and the 
ferric phosphate poured on to form a fine skin on the surface of the paper. The 
film was sucked free from excess of water but not allowed to dry. Other adsorp- 
tive materials had been tried, e.g. forms of aluminium, ferric and chromium 
hydroxides, but were less satisfactory. 


Exp. 1. Kinetics of hydrolysis of «-amylodextrin by malt amylase. 

1-0 g. of «-amylodextrin+malt amylase as indicated in Table I. Total 
reaction vol. 15 ml., temperature 22°, pH 4-6, acetate buffers 0-06 NV. 2 ml. 
withdrawn at times stated, run into iodine and titrated iodimetrically. The 
results are expressed as percentage of the maltose theoretically obtainable at 
complete hydrolysis. 
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Table I 


Malt equi- 
valent of % hydrolysis 
amylase Cc —— 
g. 7 min. Fs 3 hr. 6 hr. 24 hr. 
538 21-2 29-1 33°4 38-4 
9-9 26:2 32-5 36-4 43-0 
16-4 , 36-3 39-7 46-9 
20-8 3: 39-1 42-5 54:8 
1 24-7 41-0 45-1 62-6 








Exp. 2. The sense of mutarotation of reaction products. 


Weights of x-amylodextrin + malt amylase equivalent to weights of malt and 
total volumes as stated in Table II. Temperature 18°, pH 4-6 throughout, 
0-02 N acetate. 

Table IT 


Approx, 
reducing Angular degrees (1 dm.) 
Malt equi- power of al! 
valent of «-Amylo- Total Period of filtrates, Time of Rotation 
amylase dextrin vol. filtration maltose reading after alkali 
g. g. ml. min. % min. Rotation (corrected) Mutarotation 
62-5 4-6 48 8-15 17-0 9-38 9-27 -O-11 
22-26 27-0 14:57 14-55 —0-02 
120 6 60 6-10 10-5 8-87 8-82 0-05 
12-18 20-0 12-37 12-32 
12-28 29-0 12-73 12-59 
100 14-20 21-0 11-80 11-68 
30-32 33-0 9-76 9-76 
30-45 47-0 12-48 12-35 
100 Te 7-10 11-3 10-11 10-04 
£0-22 23 8-79 8-74 
200 7-13 15 8-90 8-92 
22-34 36 9-43 9-36 
22-67 69 25-28 25-27 
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The same preparation of malt amylase, under conditions parallel with those 
of Exp. 2 but with soluble starch as substrate, gave decided £-mutarotations, 
e.g. +0-36° and +0-40° being observed. 

The combined filtrates from the last hydrolysis of Exp. 2 (Table II) were 
fractionated as described in Exp. 3. The fraction extracted by absolute alcohol 
contained both maltose and glucose. The osazones were isolated and recrystal- 
lized; the glucosazone had m.P. 207°, and on admixture with authentic glucos- 
azone, M.P. 210°, the mixture had m.pP. 208°. 


Exp. 3. The sugars formed in the early stages of hydrolysis. 


Reaction mixtures were prepared containing weights of «-amylodextrin of 
moisture-free content stated in Table III together with malt amylase equivalent 
to 22-5 g. of malt and sufficient acetic acid to bring the mixture to pH 46. 
Acetate buffer was added, 0-01 N in the final reaction mixture of 500 ml. The 
courses of the reactions at 25° were followed and at the times stated in the 
table the reactions were checked and treated exactly as described by Freeman 
& Hopkins [1936, 1]. The sugars extracted by 95 % alcohol were determined by 
their optical rotatory powers and by iodimetric titration. From these results 
the weights of maltose and glucose were calculated. 
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Table III. Analysis of products of hydrolysis of «-amylodextrin by malt 






amylase 
A B 
Weight of moisture-free «-amylodextrin, g. 9-54 9-035 


Apparent maltose in reaction mixture as percentage of theoretical: 









After 1 hour 40-4 36-5 
After 1-5 hours 43-6 39-9 
After checking reaction 48-1 
Apparent weight of maltose in portion fractionated, g. 4-30 3-72 
Containing maltose, g. 3-60 3-02 
glucose, g. 0-00 0-00 
Osazone Maltosazone 
Dextrin in portion fractionated, reducing power 0-70 0-70 





as maltose, g. 










Exp. 4. The sugars formed in the late stage of hydrolysis. 

The dextrins recovered from Exp. 3 (A and B) were dried in a Fischer drier 
at 70° for 2 days. Portions as stated in Table IV were weighed out and treated 
with malt amylase (quantities as indicated) and the procedure of Exp. 3 repeated. 







Table IV. Analysis of products of hydrolysis by malt amylase of the residual 
dextrins from Table III 














Weight of residual (moisture-free) dextrin, g. 3-698 2-262 
Weight of malt amylase, g. 0-136 (=10 g. malt) 0-544 (=40 g. malt) 
Apparent maltose in reaction mixture as percentage of theoretical: 
After 24 hours 55-05 84-98 
After 42 hours — 104-8 
After 44-5 hours 61-09 — 
(More amylase now added) (=20 g. malt) 

After 70 hours 78-6 -- 
After 94 hours 87-95 = 
Weight of reducing sugar in portion fraction- 1-37 1-193 

ated, as glucose, g. . 
Comprising glucose, g. 1-168 1-190 






maltose, g. 0-146 0-014 






Discussion 









The mutarotations observed in Exp. 2 were small and almost invariably in 
the «-sense. The magnitudes were quite inadequate to be accounted for as «- 
maltose. Experiment with a 1-9% solution of B-maltose, freshly prepared at 
20° and pH 4-6 (0-02 N acetate content), indicated that mutarotation up to 
+0-30° (1 dm.) could be measured subsequently to the first 10 min. The condi- 
tions of time, temperature and pH and acetate buffers were chosen to resemble 
those obtaining in some of the filtrates described in Exp. 2 (Table II), which 
contained reducing matters equivalent to 2% of maltose undergoing mutarota- 
tion. The inference is drawn that if 8-maltose had been the sole reducing product 
in these filtrates, mutarotations of approximately +0-30° would have been 
observed. «-Maltose, or dextrins of equivalent mutarotating power, would 
correspondingly have yielded about —0-45° of mutarotation, assuming the value 
of [x] +168° for «-maltose. The mutarotations observed in the actual filtrates 
in question were however about —0-05° and —0-07°, approximately the 
arithmetic mean of the above values. It is inferred that on the one hand the 
a-amylase produced «-dextrins and «-maltose, and on the other hand f-amylase 
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produced 8-maltose, and at approximately equal rates. No glucose was formed 
at this stage of the hydrolysis, as was indicated by analyses (not recorded) of 
some of the filtrates. 

Notwithstanding that the B-amylase greatly preponderates in malt amylase, 
which gives B-mutarotating fission products with starch (as was confirmed with 
the preparation used in this work), the products of its action on «-amylodextrin 
appear, in the early stages, to be equivalent proportions of «- and f-products. 
This suggests that for each «-reducing group exposed or formed by the «-amylase, 
one 8-reducing group is exposed or formed by the B-amylase. The excess of the 
latter enzyme should lead to a preponderance of B-maltose, but such is not the 
case. Possibly, for each break in the dextrin molecule effected by the «-amylase, 
only one maltose molecule can be removed before a change in the structure 
imposes a fresh barrier to the B-enzyme, or the removal suffices to degrade the 
fragment to maltose. The possibility also exists that the maltose is a secondary 
product due to synthetic action of an enzyme present. 

Exps. 3 and 4 show that only maltose (and reducing dextrins) is formed in 
the first phase of the reaction, corresponding to the rapid reaction (Table I) up 
to about 40% hydrolysis, but that glucose formation is characteristic of the 
second phase, 40-90 % (as maltose). The increasing formation of glucose largely 
accounts for the apparent comparatively linear character of the reaction velocity 
during this phase, the glucose having a higher reducing value than maltose. 
The mutarotation of the fission products formed during this second phase could 
not be measured. 

SUMMARY 


«-Amylodextrin at normal temperature is degraded by malt amylase in two 
fairly well defined stages. 

(1) A relatively rapid reaction in which maltose is the principal sugar pro- 
duced, but in the mutarotation exhibited, the «-effect faintly predominates. 
Probably «-dextrins and B-maltose are formed in equivalent reducing (and 
mutarotating) proportions. 

(2) A relatively slow reaction, ciuaaiiaii linear, during which glucose is the 
chief if not the only reducing sugar formed, thus accounting for the observed 
linearity. The mutarotation of the fission products at this stage could not be 
measured. 

There is no well defined point of demarcation between these stages of the 
reaction unless low concentrations of the enzyme are employed. 

A new technique for determining the sense of mutarotation in enzyme- 
substrate mixtures of highly colloidal character is described. 
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Ir has been known for many years that the bones of animals are coloured red 
by feeding with the root of the madder plant Rubia tinctorum, which contains a 
number of colouring matters related to alizarin. The work of Duhamel, Hunter 
and others showed that the growing parts of the bones of young animals are 
stained much more strongly than the fully formed bone of old animals: when 
young growing animals are fed intermittently on madder the bones become 
stained in concentric rings. Summaries of the literature are given by v. Méllen- 
dorff [1926] and Cameron [1930]. 

The selectivity of the madder stain in differentiating between growing bone 
and fully formed bone has become of considerable value in studying the growth 
of bones; but the method suffers from the disadvantages that the amount of 
stain in madder is variable, and certain animals, such as cats, cannot be made 
to eat the considerable quantities of madder necessary for effective staining. 
Serres & Doyerre [1842] found it necessary to tie up the mouths of dogs fed on 
madder to prevent their vomiting, and a number of their animals died. Madder 
is also somewhat toxic to rats and to young chicks. 

Since the isolation of alizarin from madder a number of investigators have 
tried replacing madder by alizarin, but Reimers & Boye [1905] were unable to 
obtain any staining of the bones of dogs with alizarin. The method of vital 
staining by injecting sodium alizarinsulphonate has been used successfully by 
Gottlieb [1914], but he found that it did not show the same selectivity as the 
madder stain. He found that the bones of rats were tinted by feeding with 
alizarin, but the colour was different from that produced by feeding with 
madder. Schreiber [1904], who was unable to obtain any staining of the bones 
of frogs or pigeons with alizarin, concluded that ruberythric acid, a soluble 
glycoside of alizarin which is also present in madder, might be responsible for 
the staining; but he did not test this possibility. 

A reinvestigation of the colouring matters of madder has shown that in 
addition to alizarin (I), ruberythric acid and purpurin (II), madder contains 
considerable quantities of purpurin-3-carboxylic acid (III) and its glycoside 
galiosin, which have been isolated in the pure crystalline condition [Hill & 
Richter, 1936; Richter, 1936]. 
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When young rats and pigeons, 2 to 3 months old, were fed with pure speci- 
mens of the various colouring matters it was found that only purpurincarboxylic 
acid gave a staining of the bright carmine red colour typical of madder-stained 
bones. The bones of rats fed on relatively large amounts of alizarin were tinted 
slightly, but the colour was a pale bluish shade of pink. Feeding with the 
glycoside galiosin is equivalent to feeding with purpurincarboxylic acid since 


Rats Pigeons 
— m5 (a 
Dose Dose 
Stain g./kg. Result g./kg. Result 
Alizarin 1-4 a 0-16 - 
Ruberythric acid 0-23 - 0-17 - 
Purpurin 0-51 ~ 0-16 - 
Purpurin-3-carboxylic acid 0-17 +++ 0-16 +++ 


— 


the glycoside is very unstable and is hydrolysed in the stomach and gut. It can 
be concluded that purpurincarboxylic acid is the colouring matter mainly 
responsible for the staining of bones by madder. 

This was confirmed by extracting the colouring matter from madder-stained 
bones. On digesting the finely ground bones (rat femur) with a mixture of dilute 
hydrochloric acid and toluene the colouring matter passed into the toluene layer 
and could be identified spectroscopically by the absorption bands at 5650, 5320 
and 4950 A. The toluene solution was extracted with sodium hydroxide which 
gave a purple solution with a band at 5500 A., due also to purpurincarboxylic 
acid, but no trace of the alizarin bands could be observed. 

The bone-substance showed a certain specificity in that of these four closely 
related colouring matters only one acted as an effective stain. At first it appeared 
likely that their different solubilities might be a determining factor, but all these 
substances were readily absorbed from the gut and excreted in the urine. The 
alizarin and purpurin were excreted in the form of derivatives, possibly hex- 
uronates, which were insoluble in toluene but which gave the original hydroxy- 
anthraquinones again on boiling with dilute hydrochloric acid. 

With most stains the staining properties depend mainly on the physical 
properties of the tissues on which the stain is adsorbed or in which it is dissolved; 
but there is reason to believe that with stains related to alizarin the staining 
depends rather on their specific chemical affinities for calcium [Gottlieb, 1914]. 
This was supported by some experiments on staining in vitro. 


Staining properties of bone in vitro 


Fresh bones of young rats (femur) were incubated at 37° with solutions of 
(a) alizarin, (6) purpurin and (c) purpurincarboxylic acid in buffer solutions 
containing (a) M/15 phosphate buffer pH 5-7 and (b) M/15 acetate buffer pH 4-6 
(it has been estimated that pH values in the neighbourhood of pH 4-5 obtain in 
the interstitial fluid of pericardial bone [Schulze, 1925; Schulze & Ornstein, 
1928]. It was found that after 3 hours the bones in the alizarin and purpurin 
solutions were only slightly tinted, while the bones in purpurincarboxylic acid 
solution were stained a deep red. These results obtained in vitro agree with the 
observations made on vital staining. 

Purpurincarboxylic acid resembles alizarin in forming a coloured calcium 
salt which is highly insoluble in water and is probably of the nature of a lake. 
Calcium compounds such as the carbonate and the phosphates are readily stained 
by purpurincarboxylic acid solution, which forms a thin surface layer of the 
insoluble red calcium salt. When a solution containing equal amounts of 























VITAL STAINING OF BONES 593 


alizarin and purpurincarboxylic acid (0-2 mg.) dissolved in a solution of sodium 
carbonate (0-05 g.) and sodium bicarbonate (0-05 g.) in 20 ml. water was passed 
through a Tswett chromatographic adsorption column packed with calcium 
carbonate, it was found that the more acidic purpurincarboxylic acid was 
adsorbed preferentially in the first layer while the alizarin was displaced into the 
second coloured zone. This may explain why purpurincarboxylic acid is more 
effective than alizarin in vital staining. 

The calcium salt of purpurincarboxylic acid which was formed in alkaline 
solution was purple in colour while the calcium salt formed in neutral or acid 
solution was red. It is probable that in the former compound the phenolic 
groups take part in salt formation, while in the latter compound only the 
carboxyl group is concerned: in both compounds the calcium atoms are likely 
to be co-ordinated with the oxygen atoms of the neighbouring hydroxyl groups 
to form chelate rings. 

In attempting to understand the selectivity of purpurincarboxylic acid in 
staining growing bone more strongly than old bone it appeared at first possible 
that this might be due to the greater vascularity of growing bone. But Gottlieb 
[1914] found that after an injection of sodium alizarinsulphonate the bones of 
old animals are also rapidly coloured, so that the vascularity can hardly be the 
determining factor. Cameron [1930] observed a selective differentiation in the 
staining of young and old bone implanted subcutaneously into animals injected 
with sodium alizarinsulphonate. This again shows that the selectivity in staining 
is a property of the bone substance itself. 

When a soluble calcium salt is added to a dilute solution of purpurincarboxylic 
acid at the pH of blood serum the red calcium salt of purpurincarboxylic acid is 
rapidly formed, but it may remain for some time in colloidal solution before 
finally separating out. Since serum contains a considerable concentration of 
calcium ions it is probable that the dilute purpurincarboxylic acid which cir- 
culates in the blood under the conditions of vital staining is present as the calcium 
salt. A colloidal solution of the calcium salt in Ringer solution, stabilized by the 
addition of 0-25°% gelatin, gave a solution that stained much more selectively 
than purpurincarboxylic acid itself. 


Bone (femur of 2-month rat) +++ Apatite, Ca,(PO,), (Cl, F) ~ 
Bone (femur of 12-month rat) +++ Decalcified bone (by HNO,) + 
Calcite, CaCO, = Bone mineral (by NaOH) +++ 
CaCO,, precipitated - Calcium oxalate - 
Ca,(PO,)., precipitated +++ MgHPO,, 3H,0 + 
CaHPO,, 2H,0, precipitated +++ 


CaH,(PO,),, H,O, precipitated + 


The substances to be stained were incubated for 4 hours at 37° with a 
solution of the stain prepared as follows: 24 mg. purpurincarboxylic acid were 
ground with a slight excess of NaOH in 10 ml. water and the solution was 
neutralized with 5% acetic acid. To this was added (a) a solution of 0-5 g. 
gelatin in 50 ml. water, (b) a solution containing 0-18 g. NaCl, 0-046 g. CaCl, and 
0-05 g. KCl, and 20 ml. M/1 buffer solution. The mixture was filtered and diluted 
to 200 ml. The staining experiments gave similar results at pH 4-6 (acetate 
buffer) and 6-2 (phosphate buffer). 

Bone was deeply stained by the solution described, and young bone was 
generally coloured more deeply than old bone though the difference was not 
always very marked. The calcium phosphates Ca,(PO,). and CaHPO,, 2H,O 
were strongly stained, while crystalline apatite, calcite and calcium carbonate 
were hardly stained at all. These observations suggest that bone may contain, 
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in addition to the crystalline mineral of the apatite series, another calcium 
compound with staining properties similar to those of the more basic calcium 
phosphates, and this may be present in larger amounts in young than in old bone, 


Preparation of purpurincarboxylic acid 


~ A specimen of commercial madder was found to contain 0-7 % of purpurin- 
carboxylic acid, which could be prepared from madder in small amounts. The 
dried madder root (500 g.) was suspended in water (1000 ml.), the mixture 
acidified with dilute HCl and shaken with toluene (700 ml.). Kieselguhr (10 g.) 
was added, the solution decanted and filtered and the toluene layer separated. 
The purpurincarboxylic acid was obtained as its sodium salt by shaking the 
toluene layer with a paste of sodium bicarbonate (10 g.) in water (10 ml.). The 
toluene was then returned to the madder suspension and the extraction repeated 
several times, until the toluene no longer went pink on shaking with the madder. 
On adding glacial acetic acid to the sodium salt purpurincarboxylic acid 
separated: after filtering, washing well with water and drying, it formed a 
bright red powder. It was recrystallized from chloroform in which it is sparingly 
soluble. The yield was 2-5 g.; M.p. 118-120° with decomposition. 

Synthetic preparation. The synthesis of purpurincarboxylic acid has been 
described by Hill & Richter [1936]. The following method is suitable for its 
preparation in large quantities. Purpurin (10 g.) and sodium hydroxide (10 g.) 
were stirred vigorously with 2000 ml. water, and 38% formaldehyde (20 ml.) 
was added. The mixture was warmed to 70°, acidified with HCl and allowed to 
cool. The clear solution was then removed by decantation, an equal bulk of 
kieselguhr added to the yellow precipitate and the mixture filtered, washed and 
dried. The resulting 3-hydroxymethylpurpurin (10 g.) was then dissolved in 
200 ml. concentrated sulphuric acid (in a large flask to allow for frothing), and 
boric acid (15 g.) and sodium nitrite (15 g.) were slowly stirred in. The mixture 
was heated slowly to 147°, at which temperature it was kept for 10 min. It was 
then cooled and poured on to ice. The red precipitate of purpurincarboxylic 
acid mixed with kieselguhr was filtered off, washed thoroughly with water and 
after drying on a porous plate recrystallized from chloroform. The yield was 
8 g., M.P. 118—-120°, with decomposition. 

Purpurincarboxylic acid easily decomposed on standing in the amorphous 
state with dilute acids or on boiling with solvents. This would appear to 
explain the observation of Schreiber [1904] that vital staining cannot be 
obtained with madder that has been sterilized by heating with superheated 
steam. 

Dosage required for vital staining. Purpurincarboxylic acid appeared to be 
completely non-toxic to rats. When rats were fed with quantities of the order 
of 20 mg. (0-17 g./kg.) a marked general coloration of the tissues could be 
observed, and the ears and paws became pink. With larger amounts, up to 
200 mg. (1-7 g./kg.), the staining was not noticeably darker; the excess of 
purpurincarboxylic acid was excreted unchanged in the faeces. If the feeding 
with purpurincarboxylic acid was continued for a week or more the colour of the 
bones became extremely dark. The best results were obtained by adding the 
stain in small amounts to the food in the course of 2-3 days; but even when 
only one dose was given, a distinct coloration, sufficient for histological purposes, 
could afterwards be observed. Since purpurincarboxylic acid can be easily 
prepared and gives an effective staining in very small doses, some of the diffi- 
culties formerly associated with vital staining with madder can be avoided. 
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SUMMARY 


1. Purpurin-3-carboxylic acid is responsible for the vital staining of the 
bones of animals fed on madder. 

2. The staining properties of bone and of certain calcium compounds have 
been compared. 

3. Methods of preparing purpurincarboxylic acid are given. 


The author wishes to thank Sir F. G. Hopkins, Dr R. Hill and Dr A. 
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with the feeding experiments, and the Medical Research Council and the 
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GREEN & BrostEavux [1936] and Green [1936, 2] showed that the lactic and 
malic dehydrogenases of animal tissues could react with oxygen only in presence 
of coenzyme I, a carrier and a ketone fixative. The dehydrogenase catalysed the 
transfer of hydrogen from the substrate to the coenzyme; in turn the reduced 
coenzyme reduced the carrier, and finally reduced carrier reacted with molecular 
oxygen. The function of the ketone fixative consisted in binding the keto-acid 
formed by the oxidation of either lactic or malic acid. The product of oxidation 
in both cases completely arrested the catalytic oxidation unless removed by the 
ketone reagent. 

Adrenaline, flavin and flavoprotein were the only substances occurring in 
animal tissues which were found capable of acting as carriers in the lactic and 
malic systems. The mechanism of the flavin and flavoprotein effects was per- 
fectly clear. These substances were alternately reduced by the coenzyme and 
oxidized by molecular oxygen. This simple interpretation however failed to 
account for the adrenaline effect. The experiments of Green & Brosteaux [1936] 
and Green [1936, 2] showed clearly that the action of adrenaline as an oxidation 
carrier involved a complicated mechanism. The present communication deals 
with the analysis of the adrenaline effect in the lactic and malic systems of 
animal tissues. 

I. Experimental details 


The lactic and malic dehydrogenases were prepared from the heart muscle of 
pig by the method of Green & Brosteaux [1936]. The preparation of coenzyme I 
is also described in that paper. 

The manometric experiments were carried out in Barcroft differential mano- 
meters at 38°. The reactions were started after equilibration by dislodging the 
Keilin cups containing adrenaline into the main portion of the manometer cups. 
The rate of shaking was 150 oscillations per min. 

The adrenaline solutions were prepared by dissolving the recrystallized base 
in water containing the theoretical amount of hydrochloric acid necessary for 
neutralization (final pH 5). These solutions were stable for weeks when kept at 0°. 


II. The dependence of the adrenaline effect on the activity of the 
lactic and malic systems 


A mixture of enzyme, coenzyme I, malate (or lactate) and cyanide at pH 8 
failed to take up any oxygen. With addition of adrenaline a vigorous uptake 
ensued. This effect was observed only when the complete malic or lactic system 
was present (cf. Tables I and II). If the enzyme, coenzyme, substrate or fixative 
was omitted, adrenaline had no influence on the oxygen uptake. 

1 Beit Memorial Research Fellow. 
( 596 ) 
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Table I. Adrenaline effect in the malic system 


1-0 1-0 
1-0 
O-1 
0-2 
0-1 
0-9 
370 


Enzyme (ml.) 
Coenzyme (ml.) 

2M HCN (ml.) 

M malate (ml.) 

M/20 l-adrenaline (ml.) 
Water (ml.) 

pl. O, in 10 min. 


1-0 1-0 
1-0 0 

0-1 0-1 
0 0-2 
0-1 0-1 
1-1 1-9 
4 4 


Table II. Adrenaline effect in the lactic system 


Enzyme (ml.) 1- 
Coenzyme (ml.) 0-5 
2M HCN (ml.) 0: 

M lactate (ml.) 0-2 
M/20 adrenaline (ml.) 0-1 
Water (ml.) 0-9 
pl. O, in 30 min. 153 


5 


The dependence of the adrenaline effect on the active functioning of the malic 


system could be demonstrated in the following 
ways: 

(1) The rate of oxidation of malate is deter- 
mined within certain limits by the concentration 
of coenzyme. If a functional relation exists 
between the adrenaline effect and the activity 
of the malic system, the magnitude of the 
adrenaline effect should similarly depend upon 
the concentration of coenzyme (ef. Fig. 1). 

(2) The rate of oxidation of malate or lactate 
falls off at low concentrations of substrate. The 
adrenaline effect should therefore depend upon 
the concentration of substrate within the limit of 
the saturating concentration. Furthermore, with 
a limited amount of malate available, the in- 
creased uptake induced by adrenaline should 
correspond with the amount of oxygen required 
for the oxidation of all the available substrate 
to the corresponding keto-acid (cf. Table ITI). 

(3) If adrenaline is acting in the capacity 
of a carrier, the disappearance of malate and 
the appearance of oxaloacetate, the oxidation 


a 
So 


S 


pl. Og in 15 min. 


w 
So 





0-1 0-2 0-3 0-4 


mg. coenzyme/ml. 


Fig. 1. Effect of the concentration of 
coenzyme on the magnitude of the 
adrenaline effect. 

The manometers contained 1 ml. 
enzyme, 0-5 ml. M/2 glycine-phos- 
phate buffer pH 8-5, 0-1 ml. 2M 
HON, 0-1 ml. M/20 adrenaline and 
0-2 ml. M malate. 


product, should be capable of demonstration. The estimation of /-malic acid 


Table III. The dependence of the adrenaline effect on the 
concentration of malate and lactate 


pl. O, 





10 min. 


System + 0-2 ml. MV malate 348 
System +0-1 ml. M@/10 malate 71 
System + 0-1 ml. M/100 malate 0 
System + no substrate 0 
System + 0-2 ml. M lactate oe 
System +0-5 ml. 0-2 M lactate — 
System + 0-1 ml. 0-2 M lactate — 


20 min. 


30 min. 


510 
120 


481 
109 

0 

0 2 
— : 338 
— 22 169 
42 


The system contained 1 ml. enzyme, 0-5 ml. coenzyme, 0-1 ml. 2M HCN and 0-1 ml. M/20 
ladrenaline. The theoretical uptake for 0-1 ml. .W/10 malate is 112 pl. O,. 
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was carried out by the polarimetric method of Auerbach & Kruger [1923]. 
Malate was found to disappear in the presence of adrenaline and the complete 
system. 

mg. l-malic acid 

at end of 30 min. 


Complete system 18-2 
Control—no coenzyme 26-0 
Control—no adrenaline 26-0 


The complete system contained 2 ml. enzyme, 2 ml. coenzyme, 0-2 ml. 2M HCN, 0-2 ml. M/10 
adrenaline and 0-3 ml. M malate. The mixture was treated with 0-3 ml. glacial acetic acid and an 
equal volume of 5% uranium acetate. After filtration through kieselguhr, the filtrate was tested 
polarimetrically. The initial value of malate has no significance, since in presence of fumarase part 
of the added malate was converted into fumarate during the course of the experiment. A disap- 
pearance of 4-38 mg. /-malate per ml. enzyme corresponds to an oxygen uptake of 368 yl. O,. The 
observed uptake was 420 yl. O,. The isolation of oxaloacetic acid from the enzyme mixture contain- 
ing cyanide has not yet been accomplished. Added oxaloacetic-cyanohydrin could not be recovered 
from the enzyme mixture and it seems very probable that the cyanohydrin undergoes decomposition 
in the course of the experiment. 


(4) Pyruvate and oxaloacetate, which specifically inhibit the enzymic oxida- 
tions of lactate and malate respectively, should depress to a corresponding degree 
the effect of adrenaline. It is noteworthy that, to produce inhibition in presence 
of cyanide, pyruvate and oxaloacetate must be added in concentrations equivalent 
to that of cyanide, otherwise no appreciable concentration of inhibitor is avail- 
able (cf. Table IV). 


Table IV. Effects of pyruvate and oxaloacetate on adrenaline effects 


pl. O, 


penn 
10 min. 15 min. 

Complete lactic system — 90 

+0-5 ml. M/5 pyruvate - 0 


Complete malic system 229 420 
+0-3 ml. M/5 oxaloacetate 0 0 


The complete systems contained 1 ml. enzyme, 0-6 ml. coenzyme, 0-1 ml. 2M HCN, 0-1 ml. 
M/20 adrenaline and 0-2 ml. M substrate (lactate or malate). 


(5) Lastly, if the action of adrenaline is catalytic, the rate of oxidation of 
malate should depend upon the concentration of adrenaline only below some 
saturation concentration. Above that level no further increase of the oxygen 
uptake should accompany an increase in the adrenaline effect. Green & Brost- 
eaux [1936] and Green [1936, 2] have shown that the effect of the concentration 
of adrenaline on the rate of oxidation of lactate and malate conforms to theory. 
The concentration of adrenaline which permitted of half-speed oxidation was 
about 0-07 mg. In the present study, the smallest amount of adrenaline which 
could just produce a measurable effect in the reconstructed lactic or malic 
system was found to be 0-0006 mg. per ml. (cf. Fig. 2). 

The results of these various tests uniformly support the hypothesis that 
adrenaline was acting as a respiration carrier in the lactic and malic systems 
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prepared from heart muscle of pig, and rule out the possibility that adrenaline 
was merely undergoing autoxidation under the conditions of the experiment. 


15mm. 


Turnover number 


O, uptake in pl.; 


10 20 30 40 5 20 30 0 50 60 
y adrenaline/ml. y adrenaline/ml. 
Fig. 2. Fig. 3. 
2. Effect of adrenaline concentration on the rate of oxidation. 
The manometers contained 1 ml. enzyme, 0-5 ml. coenzyme, 0-1 ml. 2M HCN, 0-1 ml. 
malate, 0-5 ml. M/2 buffer pH 7-6 and 0-1 ml. M/20 H,O,. There was no uptake in 20 min. 
in the blank without adrenaline. 
Fig. 3. The effect of the adrenaline concentration on the turnover number. 
Details as for Fig. 2. 


Ill. The oxygen equivalence and the turnover number of adrenaline 


To satisfy the criterion of a respiration carrier, the total oxygen uptake 
induced by a given amount of adrenaline should be many times that required for 
the single reversible oxidation of adrenaline. In experiments designed to test this 
point, it was desirable to use a small amount of adrenaline and a relatively large 
excess of the enzyme system. Using 0-01 mg. of adrenaline in 3-3 ml. of the malic 
system, an oxygen uptake was observed in 30 min. which was 40 times that 
required to oxidize adrenaline to the corresponding quinone. In other words 
each molecule of adrenaline reacted with 40 atoms of oxygen. We shall see later 
why this oxygen equivalence number, high as it seems, is probably very much 
lower than the true equivalence number. 

The turnover number has been defined as the number of times a molecule of 
carrier is reduced and oxidized in 1 min. The highest number observed in vitro is 
300 for cytochrome c acting in the «-glycerophosphate dehydrogenase system of 
animal tissues [Green, 1936, 1]. Warburg & Christian [1933] found that flavo- 
protein was reduced and oxidized some 50 times per min. in the hexosemono- 
phosphate system of yeast. More recently Theorell [1936] showed that at oxygen 
tensions such as obtain in the animal cell, the turnover number of flavoprotein is 
of the order of 1-2. These numbers are maximum and are obtained only with very 
small amounts of carrier in contact with large excess of the enzyme system. 

The turnover number of adrenaline under as ideal conditions as could be 
arranged was never higher than 5. Although this number is much less than that 
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of cytochrome c, it compares favourably with that for flavoprotein and indeed 
represents high catalytic activity. Furthermore, there is good evidence as shown 
later for believing that the experimentally observed value is appreciably lower 
than the theoretically attainable value. 

The experiments in which the turnover number was determined were carried 
out with less than 0-07 mg. of adrenaline per ml. in presence of excess of the 
enzyme system at pH 7-3-7-6. The oxygen uptake was not linear and readings 
were taken at 3-min. intervals. The turnover number therefore applies to 
the highest rate observed for a 3-min. period. Fig. 3 shows the dependence of 
the turnover number on the concentration of adrenaline. The maximum turnover 
number reached in this particular experiment was only 2-8. 

The difference between in vitro and in vivo numbers is instructive. Haas [1934] 
found that cytochrome in intact yeast was reduced and oxidized 4000 times per min. 
in contrast to the 300 times for cytochrome cin the«-glycerophosphate system and 
30 times for cytochrome c in the succinic system of animal tissues and the lactic 
system of yeast [Ogston & Green, 1935]. Thisdiscrepancy must be bound up with the 
question of the physical organization of the intact cell. Inthe reconstructed system 
in vitro we are dealing with reactions in homogeneous solution. The rate of re- 
action isdetermined by the probability of collision between enzyme and substrate, 
enzyme and coenzyme and finally carrier and oxygen. This degree of randomness 
imposesa low limit to the speed of the net reaction. There is good reason for suppos- 
ing that in vivo reactions take place at orientated surfaces—randomness being 
thereby minimized. Instead of the various components of the catalytic system 
colliding with one another in unpredictable order, the physical organization in the 
cell is probably such as to impose direction upon the order of chemical events. 
There is therefore little cause for surprise when the catalytic activity of carriers is 
found to be much smaller in vitro than in vivo. 


IV. The role of the ketone fixative 


Green & Brosteaux [1936] and Green [1936, 2] found that fixatives other than 
cyanide could be used in reconstructing the lactic and malic dehydrogenases of 
animal tissues. Semicarbazide, hydrazine and hydroxylamine could bind keto- 
acids but not as efficiently as cyanide. It was not perfectly clear whether the 
velative inefficiency of these fixatives was due to a slow reaction with the keto- 
acid or to a toxic effect on the dehydrogenases. Whatever the correct explanation, 
the fact remained that in presence of cyanide the rate of oxidation of malate was 
several times that in presence of the other fixatives. The objection may therefore 
be raised that cyanide was playing a specific role in the adrenaline effect. 

Green & Williamson [1937] have shown that cyanide in aqueous solution 
combines almost instantaneously with pyruvic or oxaloacetic acid to form the 
corresponding cyanohydrin. These cyanohydrins are resistant to hydrolysis at 
neutral reaction. It is only by treatment with dilute alkali or by hydrolysis in 
boiling acid that the original keto-acids can be regenerated. The evidence is 
therefore clear that cyanide is acting in the capacity of an efficient ketone fixative. 

The following experiment shows that adrenaline can act as a carrier in presence 
of semicarbazide as fixative: ul. O, 


n. 10 min. 
390 


5m 
0-1 ml. 2M HCN as fixative 21 
0-5 ml. M/2 semicarbazide as fixative 7 166 
Semicarbazide control with no malate 1 59 
Semicarbazide control with no adrenaline 8 13 


All manometer cups contained 1 ml. enzyme, 1 ml. coenzyme, 0-1 ml. M malate, 0-1 ml. M/10 
adrenaline and 0-8 ml. buffer pH 8-4 unless otherwise stated. 
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It is noteworthy that the magnitude of the adrenaline effect was much smaller 
than in the presence of cyanide, and furthermore that the controls without 
adrenaline and without malate were not negative as was the case when cyanide 
was used as the fixative. The control oxygen uptake in absence of malate does 
not signify the uncatalysed autoxidation of adrenaline. In a later section, evi- 
dence is presented that the indophenol oxidase can catalyse the oxidation of 
adrenaline. Cyanide inhibits the indophenol oxidase completely—hence the 
cyanide control without malate was negative. Hydrazine and semicarbazide do 
not completely inhibit the indophenol oxidase. The use of these reagents as 
fixatives always entails therefore some oxidation of adrenaline which is inde- 
pendent of the malic or lactic systems. 

Dewan, Green and Leloir in unpublished experiments on the f-hydroxy- 
butyric dehydrogenase have found that under certain conditions no carrier is 
required for the reaction of the dehydrogenase system with molecular oxygen 
although coenzyme I is the intermediary between oxygen and the substrate. 
They have interpreted this result to mean that reduced coenzyme I can react 
directly with oxygen. Strong cyanide inhibited this direct reaction with oxygen, 
whereas the other ketone reagents did not interfere. Similarly they found that 
the lactic and malic dehydrogenases, particularly in presence of hydrazine as 
fixative, did not require any added carrier for the reaction with molecular 
oxygen. It appears very probable therefore that cyanide quite apart from acting 
as a fixative prevents the direct oxidation of the reduced coenzyme. There is 
therefore no direct reaction between the reduced coenzyme and oxygen in 
presence of strong cyanide unless a suitable carrier is provided. 

The question may be raised whether carriers are necessary in vivo for the 
lactic, malic and B-hydroxybutyric systems in view of the fact that reduced 
coenzyme is capable of direct reaction with oxygen. The evidence is not clear at 
the moment just how this oxidation of reduced coenzyme by molecular oxygen 
takes place, but it seems probable that the process is catalysed by some enzyme 
system. That would mean that in absence of this enzyme system, carriers are 
essential for the reaction of coenzyme dehydrogenases with oxygen. Conversely 
in presence of the enzyme system, carriers would be superfluous. It is fortunate 
therefore that cyanide, by suppressing the direct oxidation of reduced coenzyme, 
allows the carrier method of oxidation to be studied exclusively. 

The difference in rate of oxidation of malate in presence of cyanide, com- 
pared with the rates of oxidation in presence of other fixatives, is not peculiar to 
the use of adrenaline as a carrier. The same difference occurs regardless of the 
nature of the carrier whether it be methylene blue, flavin or adrenaline. 


V. Specificity of adrenaline 


In all the experiments described above, /-adrenaline, the naturally occurring 
enantiomorph was used. A study of a series of adrenaline-like substances 
has shown that d-adrenaline, epinine ((OH),C,H;,CH,CH,NHCH;), corbasil 
((OH),C,H,CHOHCH(CH,)NH,) and 3:4-dihydroxyphenylmethylaminopropanol 
can act in a similar way to /-adrenaline: 

pl. O, in 

15 min. 
Malic system +1-adrenaline 300 
+d-adrenaline 300 
+ epinine 200 
+ corbasil 88 
+3:4-dihydroxyphenylmethylaminopropanol 540 
no carrier 0 
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In each case 0-1 ml. M/10 carrier was added. The controls without malate 
were negative. Adrenalone, d- and /-p-sympatol, arterenol, ““dopa”’, tyrosine, 
tyramine, catechol, ephedrine, protocatechuic acid, quinone, thyroxine and 
q@-aminoacetocatechol were inactive as carriers. There is no doubt therefore that 
the adrenaline effect is highly specific for a particular configuration and that we 
are not dealing with a general effect of catechol derivatives. 

Although the malic and lactic systems showed no preference for either one of 
the two optical isomerides of adrenaline, the specificity was complete as far as the 
substrates were concerned. Whether d- or /-adrenaline were used, only /( + )lactate 
and /(—)malate could be oxidized. Their optical enantiomorphs were not ox- 
idized. 


VI. The factors concerned in the adrenaline effect 


The reconstructed heart malic dehydrogenase system worked equally well 
with methylene blue or adrenaline as carrier. However, after treating the enzyme 


: ; - . rate of oxidation by methylene blue ,. 
preparation with adsorbing agents the ratio a a ia eee did 


not remain constant. For example kaolin changed the ratio from the control 
value of 1-4 to 14-2. Kieselguhr had a similar though not so pronounced effect; 
charcoal had no appreciable effect (cf. Tabie V). 





Table V. Adrenaline effect with purified heart enzyme 
pl. O, in 10 min. 





Ratio 
Methylene methylene blue 
blue Adrenaline adrenaline 
Original enzyme 300 218 1-39 
Kaolin-treated 94 6-6 14-2 
Kieselguhr-treated 197 46 4-27 
Charcoal-treated 266 318 0-89 


Each manometer contained 1 ml. enzyme, | mJ. coenzyme, 0-1 ml. 7/20 adrenaline or 0-2 ml. 
0-5°4 methylene blue, 0-2 ml. 2M HCN and 0-2 ml. M malate. 


These results indicate that some factor essential for the adrenaline effect is 
removed by adsorption on kaolin or kieselguhr. The conclusion also follows that, 
in addition to the dehydrogenase and coenzyme, some other factor is concerned 
in the mechanism by which adrenaline acts as a carrier. 

The malic dehydrogenase can be prepared from practically every tissue of 
the animal body. If there is an additional factor for the adrenaline effect, we 
should expect that not all preparations of malic dehydrogenase would be capable 
of utilizing adrenaline as a carrier. A study of the malic dehydrogenases of 
rabbit tissues showed that only the heart preparation and to a slight extent the 
skeletal muscle preparation were positive for adrenaline. Preparations of brain, 
liver and kidney were negative, although they oxidized malate quite rapidly in 
presence of methylene blue (cf. Table VI). 


Table VI. The distribution of the adrenaline factor in rabbit tissues 
pl. O, in 30 min. 


+ = = 
Kidney _ Brain Liver Muscle Heart 
System + malate + adrenaline 0 0 13-6 26-8 114 
System + adrenaline 0 0 12-0 12-4 17 
System + malate + methylene blue 173 70 133 246 104 
The system contained in each case 1-5 ml. enzyme, 1-0 ml. coenzyme, 0-2 ml. 2M HCN, 0-1 ml. 
M/20 adrenaline or 0-2 ml. 0-5% methylene blue. The malate where added was 0-2 ml. M. 
The enzymes were prepared from the various tissues by the method of Green & Brosteaux [1936]. 
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No systematic study has yet been made of the distribution of the adrenaline 
factor. The breast muscle of the pigeon was found to be a particularly rich source. 
The skeletal muscle of the pig was another tissue besides heart which was found 
to contain the factor. 

There is a serious difficulty in the way of studying the distribution of the 
adrenaline factor. Suppose that this factor is more easily washed out of brain, 
liver and kidney cells than out of heart or skeletal muscle cells. Since the method 
of preparation in all cases involved thorough washing of the tissue brei prior to 
grinding and extracting, the possibility is open that in cases where the factor was 
missing in the final enzyme preparation, it had been lost in the course of the 
preparation. 


VII. The adrenaline effect with other dehydrogenase systems 


Thus far only the lactic and malic dehydrogenases of heart have been demon- 
strated to be capable of utilizing adrenaline as a carrier. The B-hydroxybutyric 
enzyme prepared from the same source showed a definite though weak adrenaline 


effect: 
ul. O, in 
15 min. 
Complete adrenaline system 100 
No adrenaline 0 
No £-hydroxybutyrate 0 


The complete system contained 1-5 ml. heart enzyme, 1 ml. coenzyme, 0-2 ml. 2M HCN, 
0-1 ml. M/20 adrenaline and 0-2 ml. M dl-8-hydroxybutyrate. 


With the exception of these three coenzyme I dehydrogenase systems of 
animal tissues, no other systems have been found to be positive. The succinic 
dehydrogenase of heart, the «-glycerophosphate dehydrogenase of rabbit muscle 
and the lactic dehydrogenase of yeast were negative (cf. Table VII). These 


Table VII. The adrenaline effect with cytochrome dehydrogenase systems 
pl. O, 


10 min. 20 min. 30 min. 


Yeast lactic system + methylene blue 143 268 378 
Yeast lactic system + adrenaline 0 0 
Muscle «-glycerophosphate system + methylene blue — 420 
Muscle «-glycerophosphate system + adrenaline _ 0 
Heart succinoxidase + methylene blue 90 — 
Heart succinoxidase + adrenaline 3 — 


The enzymes were prepared by the methods of Ogston & Green [1935] and Green [1936, 1). 
All the three systems contained 1 ml. enzyme, 1 ml. M/2 buffer pH 8-0, 0-2 ml. 2M HCN and 
0-2 ml. M substrate. Usual concentrations of carrier. 


systems do not require a coenzyme and normally react with oxygen through the 
intermediation of cytochrome [Ogston & Green, 1935; Green, 1936, 1]. 

The tentative hypothesis concerning the components necessary for the 
adrenaline effect may be formulated as follows. Any coenzyme I dehydrogenase 
system can react with adrenaline, provided the special factor concerned in the 
adrenaline effect is present. Systems which do not require a coenzyme do not 
react with adrenaline even in presence of the factor. No evidence however is 
available whether coenzyme II systems behave like those of coenzyme I. 


Biochem. 1937 xxx1 
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VIII. Inhibitors of the adrenaline effect 


Ascorbic acid and glutathione inhibited completely the adrenaline effect in 
extremely small concentrations (cf. Tables VIII and IX). It is generally known 
that these two substances protect adrenaline from autoxidation and it is con- 
ceivable that the mechanism of the inhibitor action consists in protecting 








Table VIII. Effect of ascorbic acid on adrenaline effect 










pl. O, 
c on ~~ 
5 min. 10 min. 15 min. 
Complete system 141 330 447 
+0-5 ml. M/20 ascorbic acid 3°3 12-9 24-4 
+0-1 ml. M/20 ascorbic acid 0 0 3 
+0-3 ml. M/200 ascorbic acid 4-6 10-7 12-3 






The complete system contained 1 ml. enzyme, 0-3 ml. coenzyme, 0-5 ml. buffer pH 7-8, 0-2 ml. 
2M HCN, 0-1 ml. /20 adrenaline and 0-2 ml. M malate. Total volume 3-3 ml. 

The small oxygen uptake observed with the highest concentration of ascorbic acid used was 
shown to be due to slow autoxidation of ascorbic acid under these conditions. 







Table IX. Effect of reduced glutathione 
pl. O, in 10 min. 










Complete system 328 
+0-5 ml. M/20 glutathione 23 
+0-1 ml. M/20 glutathione ll 
+0-2 ml, M/200 glutathione 338 









Details as for Table VIII. 





adrenaline against the catalytic oxidation. When adrenaline is replaced by 
adrenochrome, the actual reversibly reducible and oxidizable derivative of 
adrenaline, then ascorbic acid and glutathione have no inhibitory action. 







IX. The effect of pH 


The adrenaline effect with the malic system depended in an extraordinary 
way upon the pH (cf. Fig. 4). At pH 9 the effect was observed at once. With 
decrease of pH a lag period intervened before oxidation of malate started, the 
length of the lag period increasing until at pH 7-0 or below the adrenaline effect 
disappeared. Once the lag period was overcome, the rates of oxidation at the 
various pH values were not greatly different. 

The pH curve could not be extended beyond 9, since the non-enzymic autoxi- 
dation of adrenaline came into play in the more alkaline range. Within the range 
of pH studied, the control uptakes without malate were very small or negative. 

Different preparations of the malic dehydrogenase from pig’s heart did not 
always correspond in the pH at which the adrenaline effect was negative. In 
some cases pH 7-3 was the limiting value; in others pH 6-8. Similarly there was 
variability in the lengths of the lag period from one preparation to another. But 
as will be seen later these variations can probably be explained in terms of 
differences in the amount of adrenaline factor and inhibitors present. 

The dependence of the adrenaline effect on the pH and the existence of a lag 
period at neutral reaction have proved to be valuable assets for analysing the 
mechanism by which adrenaline acts catalytically. Clearly a factor which is essential 
to the adrenaline effect was either non-operative or inhibited at the pH values at 
which the lag periods were observed. That is to say the additional factor was 
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effective at pH 8 and above and progressively lost in efficiency with decreasing 
pH. The probable nature of the factor could therefore be arrived at by finding 
out what substances could eliminate the lag period. 

The possibility of a haematin catalysis suggested trying cytochrome c. At 
pH 7-6 a mixture of malic dehydrogenase, cyanide, coenzyme I, malate and 
adrenaline failed to take up any oxygen in 20 min. With addition of 0-2 ml. 
M/1000 heart cytochrome c the reaction practically went to completion in that 





a 


5 min. 


O, uptake in pl. 








uptake in yl. for first 1 


0, 


30 40 % 10 20 30 40 50 60 70 80 
Time (min.) Molarity of cytochrome x 10° 
Fig. 4. Fig. 5. 
ig. 4. The effect of pH on the lag period of the adrenaline effect. 

The pH of the buffer solutions were determined electrometrically at 38°. The mano- 
meters contained 1 ml. enzyme, 1 ml. coenzyme, 1 ml. M/2 phosphate-glycine buffer, 0-1 ml. 
2M HCN, 0-1 ml. M malate and 0-1 ml. M/20 adrenaline. 

Fig. 5. The effect of heart cytochrome c on the adrenaline effect at pH 7-6. 


The manometers contained 1 ml. enzyme, 1 ml. coenzyme, 0-2 ml. 2M HCN, 0-1 ml. M/20 
adrenaline and 0-5 ml. M/2 buffer pH 7-6. 


Table X. Effect of heart cytochrome c on the lag period at pH 7-6 
pl. O, in 20 min. 


Adrenaline-malate system 

+0-2 ml. M/1000 cytochrome c 
Cytochrome ¢c control—no malate 
Cytochrome ¢ control—no coenzyme 


Details as in Table VIII. 


time (cf. Table X). Cytochrome c had no effect on the oxygen uptake unless the 
complete system was present. Green [1936, 2] has demonstrated that cyto- 
chrome c alone cannot act as a carrier in the malic system. 

The effect of the cytochrome concentration on the elimination of the lag 
period and on the rate of oxidation is shown in Fig. 5. Increase of cytochrome 
concentration did not affect the final rate but only the speed with which the 
reaction started. That is to say with or without cytochrome, once the reaction 
was under way the velocities were identical. Cytochrome was therefore acting in 
a trigger capacity. 

Hydrogen peroxide bebaved very much as cytochrome c (cf. Table XI). It 
eliminated the initial lag but did not influence the limiting velocity once that was 

38—2 
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Table XI. Effect of H2O2 on adrenaline lag period at pH 7:6 
ul. O, 


10 min. 20 min. 


Adrenaline-malate system 55 17-7 
+0-1 ml. W/10 H,O, 110 290 
H,O, control—no malate 0 0 


Details as in Table VIII. 


attained. Here again the effect of H,O, was connected with the malic dehydro- 
genase-adrenaline system, for in absence 
of any one of the components hydrogen 
peroxide did not induce any oxygen uptake. 
Fig. 6 shows the effect of varying the con- 
centration of hydrogen peroxide. 

At first glance it is difficult to understand 
why cytochrome ¢c and H,O, should produce 
the same effect. Adrenaline can be oxidized 
directly by cytochromec. H,O, however does 
not oxidize adrenaline at neutral or slightly 
alkaline reaction. 

The amount of cytochrome ¢ added 
to eliminate the lag period was sufficient 
to oxidize only an insignificant fraction of 
the total adrenaline present. Apparently 
then cytochrome c set the reaction off by eto Soe 
reacting directly with adrenaline and there- Molarity of H,O, x 104 
by forming some of the adrenaline oxidation |. 

te - Fig. 6. The effect of hydrogen peroxide on 
product. That is to say the lag period re- ~°" 41. adrenaline effect at pH 7-6. 
presents the delay in forming a sufficient Details as for Fig. 5. 
quantity of the adrenaline oxidation product 
which is essential for the initiation of the reaction. If this hypothesis is correct 
we should expect that cytochrome c in the reduced form would have no effect 
on the lag period, since there would be no possibility of reaction with adrenaline. 
Such was indeed the case: 


O, uptake in pl. for first 10 min. 


pl. O, 
10 min. 20 min. 


Adrenaline-malate system 0 75 
+0-2 ml. M/1000 oxidized cytochrome ¢ 166 354 
+0-2 ml. M/1000 reduced cytochrome c 5 27 


Now how can the H,0, effect be brought into line with that of cytochrome c? 
In absence of any enzyme a large amount of adrenaline in contact with a small 
amount of cytochrome c will interact until all the cytochrome is reduced. The 
reaction then stops. If H,O, is added to the system the oxidation of adrenaline 
continues until all the H,O, is used up. The explanation is found in the two facts 
(1) that reduced cytochrome c is non-autoxidizable and (2) that reduced cyto- 
chrome c can be oxidized by H,O,. The chain of reactions is the following: 


adrenaline + oxidized cytochrome c oxidation product of adrenaline + reduced 
cytochrome ¢ 


reduced cytochrome c+ H,O, oxidized cytochrome c. 
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The above model system consisting of adrenaline, cytochrome c and H,0, has 
been studied manometrically as well as spectroscopically with the same results 
(cf. Table XII). The observed oxygen uptake is probably due mainly to the 
oxidation of leuco-adrenochrome by molecular oxygen. 


Table XII. Construction of model system for oxidation of adrenaline 


M/20 adrenaline (ml.) 0-3 0-3 0-3 0 

M/1000 oxidized cytochrome c (ml.) 0-1 0 O-i 0-1 
M/10 H,0, (ml.) 0 0-1 0-1 0-1 
M/2 buffer pH 7-0 (ml.) 2-0 2-0 2-0 2-0 
2M HCN (ml.) 0-1 0-1 0-1 0-1 
Water (ml.) 0-9 0-9 0-8 1-1 
ul. O, in 20 min. 0 0 60 0 


The suggestion is clear that the adrenaline factor, if not one of the cyto- 
chromes, is something in the nature of a haematin compound. The addition of 
H,0, leads to the oxidation of adrenaline by the adrenaline factor in the malate 
system for the same reasons as apply to the model system studied above. 

If the essential condition for eliminating the lag period is the production of a 
small quantity of the adrenaline oxidation product, we should expect that the 
oxidation product would itself be the most efficient reagent. This prediction was 
in fact realized. When adrenaline was replaced by adrenochrome the reaction 
showed no lag period and furthermore cytochrome c had no influence on the rate 
of oxidation (cf. Table XIII). 

There are several lines of evidence which point to the adrenaline factor being 
a haematin and probably one of the cytochrome components. (1) The malic 
system of pig brain as normally prepared failed to show an adrenaline effect. 
With addition of cytochrome c the effect was observed. (2) The enzyme solution 
prepared from heart contains cytochrome a, 6 and c¢ in definite though small 
amounts. Purification by adsorption on kieselguhr or kaolin leads to removal of 
the cytochrome as well as to removal of the adrenaline factor. (3) The cytochrome 
effect in eliminating the lag period applies not only to /-adrenaline but also to the 
other adrenaline-like substances which are active with the malic system. It must 
be more than a coincidence that cytochrome c can oxidize rapidly precisely 
those substances which give a positive adrenaline effect. 


X. Oxidation products of adrenaline 


In the complete adrenaline-malic or lactic system the end of the lag period 
and the commencement of rapid oxygen uptake was characterized by the 
appearance of a red colour in the solution. This red colour disappeared if the 
shaking was discontinued but reappeared on shaking with air and persisted as 
long as the solution was kept well oxygenated. 

Adrenaline has been shown to act as a carrier in the coupled oxidation of 
substrates with catechol oxidase [Richter, 1934]. In this sytem the adrenaline is 
oxidized to a red coloured quinone which can then take part in secondary oxida- 
tions. The red colour observed in the adrenaline-malic system suggested that a 
similar mechanism might also operate here. Attempts were therefore made to 
prepare the red quinone by chemical means in order to test whether it could 
replace adrenaline in the malic system. 

That red coloured oxidation products are formed from adrenaline by the 
action of oxidizing agents such as iodine, bromine or potassium iodate, or by 
autoxidation, is well known [Frankel & Allers, 1909; Kisch, 1930]. A number of 
these products have been used for the colorimetric estimation of adrenaline; but 
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little is known of their chemical] nature as, except for a product described by 
Richter & Blaschko [1937], they have not hitherto been isolated. 

Ball & Chen [1933] measured the oxidation potentials of the system formed 
by treating adrenaline (I) with oxidizing agents and obtained evidence that the 
primary product formed is generally the corresponding ortho-quinone (II); but 


I II 
JN 
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this is an extremely unstable substance and at pH 7 it undergoes an irreversible 
change within 1/30 sec. to give a product of undetermined constitution. 


XI. Oxidation with chemical reagents 


Iodine. In the oxidation of adrenaline with iodine solution the end of the 
reaction, as shown by the attainment of a maximum colour intensity of the red 
product, was not reached until the equivalent of 3 or more atoms of oxygen per 
molecule of adrenaline had been added. The use of a limited amount of the 
oxidizing agent led to the formation of a mixture of products and unchanged 
adrenaline. 

0-5 ml. M/20 adrenaline hydrochloride, 1 ml. 0-3.M HCl and 1-2 ml. 10% 
sodium acetate were treated with 0-25-3-0 ml. N/10 iodine solution (total volume 
6 ml.). After standing for 15 min. the excess of iodine was removed by extracting 
with ether and the concentration of red product estimated colorimetrically. It 
decomposed rapidly on treating with dilute hydrochloric acid or ammonia or on 
boiling. The colour faded on standing at 20° for a few hours. The red product was 
also formed when iodine was added to an alcoholic adrenaline acetate solution, 
but it decomposed when the alcohol was evaporated under reduced pressure. 

Potassium ferricyanide. A red quinonoid product was formed by treating 
adrenaline with potassium ferricyanide. The rate of the reaction was increased by 
adding lead acetate to remove the ferrocyanide formed and so maintain the 
potential of the system. 

A solution containing 0-2 ml. M/20 adrenaline hydrochloride, 0-5 ml. 2M 
sodium acetate buffer pH 4-6 and 0-3 ml. 0-67M lead acetate was treated 
with 0-3-2 ml. of N/10 potassium ferricyanide. The equivalent of 3 atoms of 
oxygen was required to produce a maximum colour intensity in 60 min. The 
colour faded on standing. Attempts to isolate the reaction product were un- 
successful. 

Bromine. Richter & Blaschko [1937] have described a crystalline product 
containing iodine which was obtained by oxidizing adrenaline with potassium 
iodate. It had the properties of a dihydroindole derivative. 
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A closely similar product containing a bromine atom instead of the iodine atom 
has now been obtained by the action of bromine on adrenaline. Its solution in 
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water, in which it was sparingly soluble, was purple-red in colour and it crystal- 
lized from water in prisms with green metallic lustre. It decomposed on treating 
with dilute hydrochloric acid or ammonia or on boiling in aqueous solution. It 
had the properties of an ortho-quinone, since it was readily reduced by sulphur 
dioxide to a substance which gave the characteristic catechol reaction with ferric 
chloride. The substance had no basic properties, which makes it probable that, 
like the iodo-compound, it is also a dihydroindole derivative. 

1 g. adrenaline was dissolved in 50 ml. 2 % acetic acid and 5 g. sodium acetate 
and 0-57 ml. bromine were added with vigorous shaking. The solution became 
deep red in colour and on standing in the ice chest crystals of the bromo- 
derivative separated. Yield 0-23 g. (Found (Weiler): C, 41-6; H, 3-5; N, 5-5; 
Br, 30-2°%. C,H,,O,;NBr requires C, 41-5; H, 3-9; N, 5-4; Br, 30-7 %.) 


XII. Oxidation with catechol oxidase 


Catechol oxidase at pH 7-3 catalysed the oxidation of adrenaline, but at this 
pH the red coloured product rapidly decomposed to give a black melanin-like 
substance. At pH 5 the red compound was much more stable, but with ordinary 
preparations of the catechol oxidase of potatoes the rate of oxidation at pH 5 
was so much reduced that attempts to isolate the red product were unsuccessful. 

Using a highly active preparation of the catechol oxidase of the mushroom 
Agaricus campestris kindly given by Prof. Keilin it was found possible to obtain 
a sufficiently rapid oxidation at pH 5 for a comparatively pure solution of the 
red quinone to be obtained. On rapid evaporation of this solution in a Fuchs’s 
apparatus [Fuchs, 1928] crystals of the red compound were obtained. 

A solution containing 0-5 g. adrenaline in 50 ml. was brought to pH 5 with 
acetic acid. Catechol oxidase was added and a rapid stream of oxygen was 
passed in through a sintered glass bubbler. The rate of oxygen uptake of a 
sample of the solution was estimated from time to time in a Barcroft apparatus. 
When the oxidation came to an end (2-3 hours at 20°) the solution was filtered 
and evaporated. 

Subsequent work showed that this substance is probably identical with the 
red compound derived from adrenaline which operates in the malic system, as it 
behaved equally well as a carrier in the malic system and gave quantitatively the 
same turnover number. Investigation of the chemical constitution showed that 
it has the properties of N-methyl-2:3-dihydro-3-hydroxyindole-5:6-quinone. The 
shorter name adrenochrome is proposed for this substance. 


XIII. Properties of adrenochrome 


Adrenochrome is a very unstable substance: it is completely destroyed in 
4 min. by 1 % hydrochloric acid, and in 40 sec. by 1% ammonia. At pH 7-3 and 
37° the red colour disappears in 35 min., and even under the optimum conditions 
for keeping the solution, at pH 4-0 and 0°, marked decomposition and melanin 
formation could be observed in 4-5 hours. In the dry crystalline condition 
adrenochrome could be kept for several weeks, but on standing in a vacuum 
desiccator it decomposed to give a brown amorphous product. The crystalline 
substance appears to be a hydrate. The crystals decompose on heating at about 
115-120°. 

Adrenochrome is very soluble in water and crystallizes from water only on 
evaporation practically to dryness. It is also readily soluble in methyl alcohol. 
It is removed quantitatively from the aqueous solution by adsorption on char- 
coal, and can be eluted again from the charcoal with methyl alcohol. 
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XIV. Constitution of adrenochrome 


In the oxidation of adrenaline catalysed by catechol oxidase the reaction 
came to an end when approximately 2 atoms of oxygen per molecule of adrena- 
line had been taken up. 

pl. O, 


————-—" 1#]——_—_——____""’'[|— 
Theoretical for 


5 min. 10 min. 35 min. 2 atoms oxygen 
Enzyme alone 5 8 16 0 
0-1 ml. M/20 adrenaline 88 94 110 112 
0-2 ml. 156 185 213 224 


The complete system contained 1 ml. enzyme solution, 1 ml. M/10 buffer pH 5-3 and adrenaline. 
Total volume 3-3 ml. 


This would indicate the formula C,H,O,N for adrenochrome according to the 
ogee: C,H,,0,N + 0, +C,H,O,N + 2H,0 


This formula was confirmed by analysis (Weiler). (Found C, 57-5%; H, 6.0%; 
N, 7:2%. C,H,O,N, $H,O requires C, 57-4%; H, 5-4%; N, 7-4%). 

Adrenochrome behaves as an ortho-quinone in that it is readily reduced by 
sulphur dioxide, hydrogen sulphide or palladium and hydrogen to give a colour- 
less leuco-compound which give the colour reactions of a catechol derivatives 
with ferric chloride. Leuco-adrenochrome is optically active and has [a] =79-2°. 
The asymmetric CH.OH group is therefore probably intact in adrenochrome. 
Adrenochrome is much less basic than adrenaline since it crystallizes from dilute 
acetic acid in the free condition and not as a salt. 

The aqueous solutions of all the simple ortho-quinones which are known are 
orange or yellow in colour. The brilliant red colour of adrenochrome indicated 
that substitution in the benzene nucleus might have occurred; the colour is 
suggestive of the aminoquinones which are also red. The ultraviolet absorption 
spectrum of leuco-adrenochrome (2500-4000 A.) also differs widely from that 
of adrenaline. Some change in the groups attached to the benzene nucleus, which 
determines the absorption in this range of wave-lengths, is again indicated. 

Adrenochrome contains 4 hydrogen atoms less than adrenaline. Two of these 
hydrogen atoms have been removed in quinone formation: the other two 
hydrogen atoms have been removed in a reaction which has diminished the 
basicity of the nitrogen atom and at the same time appears to have effected 
a substitution in the benzene nucleus. This is best explained by ring closure 
between the nitrogen atom and the benzene nucleus to give a dihydroindole 
derivative IV. 
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It is probable both from the known mode of action of catechol oxidase and from 
Ball & Chen’s work that the first stage in the oxidation of adrenaline to adreno- 
chrome is the formation of the ortho-quinone (II). The work of Raper [1927] on the 
formation of indole derivatives from dihydroxyphenylalanine gives an example 
of a similar reaction occurring in an analogous series of compounds. The proposed 
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constitutional formula for adrenochrome gives an interpretation of all the proper- 
ties hitherto observed and indicates that it may be related to the naturally 
occurring pigment hallachrome which was isolated by Mazza & Stolfi [1931] from 


the polychaete Halla parthenopea. 
On treatment with hydroxylamine adrenochrome gave a quinoneoxime (V) 
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which crystallized from water in bright orange needles. The oxime was a much 
more stable substance than adrenochrome and melted sharply at 278°. (Found 
C, 48-8, 48-8; H, 5-9, 5-8; N, 12-4, 12-79%. C,H,0O,N., 15H,O requires C, 48-8; 
H, 5-9; N, 12-7 %.) When treated with a mixture of potassium iodate and iodide, 
adrenochrome gave a product identical with the iodo-compound described in 
section XI. This confirms the constitution which has been given to adrenochrome, 
since the constitution of the iodo-compound has been determined independently. 


XV. Oxidation of adrenaline by haematin derivatives 


Adrenaline was found to be oxidized by a number of haematin derivatives, 
including methaemoglobin and the cytochromes. 

Haematin. 0-5 ml. 1% adrenaline hydrochloride and 1 ml. M//1-5 phosphate 
buffer pH 7-5 were added to a solution containing 0-5 mg. of the disodium salt of 
haematin in 1 ml. of water. On adding a few drops of pyridine and allowing the 
mixture to stand at 20° for a few minutes, crystals of pyridine haemochromogen 
separated out. They were identified by their characteristic crystalline habit and 
absorption bands at 5580 and 5260 A. 

Methaemoglobin. A solution of methaemoglobin was prepared by oxidizing 
5ml. human blood diluted 1:20 with 2 mg. potassium ferricyanide and dialysing 
to remove the excess of the reagent. On adding 1 ml. W/1-5 buffer pH 7-3 and 
0-5 ml. 1 % adrenaline hydrochloride to 1 ml. of the solution and incubating in a 
vacuum tube at 37° the methaemoglobin band at 6330 A. slowly disappeared. In 
30 min. it had been replaced by the haemoglobin spectrum. The solution then 
showed the bands of oxyhaemoglobin on shaking in the air. 

Cytochromes a, b and c. Cytochrome c is reduced very rapidly by adrenaline 
at pH 7-3. Cytochrome a is reduced less rapidly, while with cytochrome 6 the 
reduction was very slow. The reduction of cytochrome a and 6 was faster at more 
alkaline reactions. 

A solution containing 0-1 ml. of 0-1 % cytochrome cand 1 ml. //10 phosphate 
buffer pH 7-3 reacts almost instantaneously with 0-5 ml. 1% adrenaline hydro- 
chloride solution at 20° giving the absorption bands of reduced cytochrome. 
Vacuum tubes containing 2-5 ml. cytochrome a and 6 preparation from pig’s 
heart, 0-5 ml. M/1-5 phosphate buffer pH 7-3 and 0-5 ml. 1 % adrenaline hydro- 
chloride in 5 ml. show distinct bands of reduced cytochrome a after incubating at 
30° for 45 min. Under the same conditions cytochrome 6 showed practically no 
reduction in this time, but at pH 8-8 a distinct reduction of the 6 component 
could be observed. 
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XVI. Oxidation by indophenol oxidase-cytochrome system 


A preparation of indophenol oxidase obtained from pig’s heart muscle by the 
method of Ogston & Green [1935] brings about a rapid oxidation of adrenaline 


in the presence of cytochrome c. 
pl. O, in 5 min. 






Enzyme + adrenaline 14 
Enzyme + cytochrome c + adrenaline 189 
Boiled enzyme + adrenaline 0 
Boiled enzyme + cytochrome c + adrenaline 0 







In each tube 1 ml. enzyme, 0-2 ml. M/10 adrenaline and 1 ml. M/2 phosphate buffer pH 7-6 
containing 2 glycine. The enzyme was not entirely free from cytochrome and hence the enzyme 
and adrenaline showed a certain oxygen uptake without added cytochrome. The tubes with 
cytochrome ¢ contained 0-3 ml. M/1000. Total volume 3-3 ml. 








The dependence of the rate of oxidation on the pH was shown by the follow- 
ing experiments carried out under similar conditions but with different buffer 







solutions i. Ge Ble. 
pH ... 70 7-6 8-4 
Enzyme + adrenaline 6 14 73 
Enzyme + adrenaline + cytochrome ¢ 129 189 290 





The buffer solutions used were made up with M/2 glycine which has been shown 
by Wiltshire [1931] to inhibit the spontaneous autoxidation of adrenaline. The 
system was completely inhibited by M/1000 cyanide. 

Besides adrenaline a number of other catechol derivatives and sympatho- 
mimetic drugs have been tested and a marked specificity of action was observed. 
It might have been anticipated on structural grounds that adrenalone and 
sympatol would be less readily oxidized, but the low rate of oxidation of di- 
hydroxyphenylalanine was unexpected, as also was the specificity shown in the 
different rates of oxidation of d- and /-adrenaline. A further point of interest is 
the different speeds of oxidation of colephrine and corbasil, which differ only in 
the presence or absence of a methyl group on the nitrogen atom. 














pl. O, in 5 min. 


With 













ete 
Without 






cytochrome cytochrome 
l-Adrenaline (OH),C,H,.CHOH.CH,.NHCH, 4 246 
d-Adrenaline (OH),C,H,. CHOH.CH,. NHCH, 2 155 
Epinine (OH),C,H,.CH,.CH,. NHCH, 14 238 
dl-Dopa (OH),C,H,.CH,.CH(COOH)NH, 0 1 
w-Aminoacetocatechol (OH),C,H,.CO.CH,. NH, 0 30 
Adrenalone (OH),C,H,.CO.CH,. NHCH, 6 22 
dl-Arterenol (OH),C,H,.CHOH.CH,.NH, 0 174 
l-m-Sympatol (OH)C,H,.CHOH.CH,.NHCH, 0 0 
dl-Corbasil (OH),C,H,.CHOH.CH(CH;). NH, 2 246 
dl-Colephrine (OH),C,;H,.CHOH.CH(CH;). NHCH,; 2 414 





Each tube contained 0-7 ml. enzyme, 1 ml. phosphate-glycine buffer pH 7-6, 0-3 ml. M/1000, 
cytochrome ¢ and 0-3 ml. M/10 adrenaline derivative. 










XVII. Action of adrenochrome in the malic system 


Adrenochrome acted in the same way as adrenaline as a carrier in the malic 
system, the only difference between the two being that with adrenochrome there 
was no lag period; the rapid oxygen uptake began immediately. The two com- 
pounds even showed the same turnover number (T.N.) at equivalent concentra- 
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Table XIII. Adrenaline and adrenochrome at pH 7-6 


pl. O, in 20 min. 


System + adrenaline 0 
System + adrenaline + cytochrome c 260 
System + adrenochrome 274 
System + adrenochrome + cytochrome c 290 


The system contained 1 ml. enzyme, 1 ml. coenzyme, 0-5 ml. M/2 buffer pH 7-6, 0-1 ml. 
2M HCN and 0-2 ml. M malate. 


tions. There is therefore good reason for concluding that adrenochrome and the 
red oxidation product formed from adrenaline in the malic system are identical. 


pl. O, in 3 min. 
er 


gina =—* 

With Without 
Adrenochrome ml. malate malate T.N. 
2-5 mg./ml. 0-5 80 12 0-5 
a 0-1 45 5 1-4 
0-25 mg./ml. 0-3 16 0 1-9 
aa 0-1 15-5 0 5-3 


The complete system contained 1 ml. enzyme, 1 ml. coenzyme, 0-1 ml. M malate, 0-1 ml. 
2M HCN and 0-8 ml. M/2 phosphate-glycine buffer pH 7-6. Total volume 3-3 ml. 


Adrenochrome, when added in very small amounts to the complete adrenaline- 
malic system, had the effect of terminating the lag period and accelerating the 
initiation of the reaction: 


pl. O, 
cea eee 
5 min. 10 min. 
Adrenaline-malic system 0 0 
Adrenaline-malic system + adrenochrome 39 97 
Malic system + adrenochrome 7 19 


The amount of adrenochrome added was 0-5 ml. 0-25 mg./ml. solution. The complete system 
contained 1-3 ml. enzyme, 1 ml. coenzyme, 0-8 ml. M/2 glycine, phosphate buffer pH 7-6, 0-2 ml. 
M/1 HCN, 0-1 ml. M/1 malate and 0-1 ml. M/10 adrenaline. 


XVIII. Discussion 


It has been shown that malic acid is rapidly oxidized by the system com- 
prising coenzyme, cyanide, adrenaline and the malic dehydrogenase of heart 
muscle. A general scheme for the reactions involved is given in Table XIV. 

The initiation of the reaction depended on the primary oxidation of the 
adrenaline to a red pigment, adrenochrome (reactions I and II). Addition of 
oxidizing agents such as cytochrome c or hydrogen peroxide hastened this 
oxidation; conversely reducing agents such as glutathione or ascorbic acid in- 
hibited the oxidation. 

When once the adrenochrome had been formed the oxidation of malate 
proceeded by reactions III, IV and V. Adrenochrome was reduced by the malic 
system to leuco-adrenochrome which in turn reoxidized, so that the adreno- 
chrome acted as an oxygen carrier. 

In considering how the adrenaline became oxidized to adrenochrome in the 
first place, it was found that under the conditions of the experiment, i.e. in the 
presence of cyanide, glycine and the enzyme, adrenaline did not autoxidize. The 
factor responsible for the oxidation of adrenaline to adrenochrome was probably 
a haematin compound similar to cytochrome which could be seen spectro- 
scopically to be present in the enzyme preparation and which has been shown to 
oxidize adrenaline. 
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Table XIV 


0, Reduced — Oxidized H,0 
cytochrome cytochrome 


Oxidized Adrenaline Adrenochrome Reduced 
cytochrome : cytochrome 


O, Leuco- Adrenochrome H,0, 
adrenochrome : 


Leuco- 
adrenochrome 


Oxidized Oxaloacetate Reduced 
coenzyme ; coenzyme 


Oxaloacetate Cyanohydrin 


In the complete adrenaline-malic system the initiation of the reaction was 
greatly accelerated by the addition of a small trace of adrenochrome which 
produced an effect out of all proportion to that which would be expected from 
the actual amount of adrenochrome added. This trigger action of adrenochrome 
could be explained if the oxidation of each molecule of leuco-adrenochrome caused 
the production of a molecule of hydrogen peroxide (reaction III). The hydrogen 
peroxide so produced would oxidize a further quantity of adrenaline and so make 
a further amount of adrenochrome available as a carrier. The autocatalytic 
oxygen uptake curves that were regularly obtained with the adrenaline-malic 
system are also explained if hydrogen peroxide is produced in this reaction. In 
the absence of malate, added adrenochrome did not bring about the oxidation of 
adrenaline to adrenochrome: but this was to be expected, since only in the presence 
of malate would the turnover of adrenochrome be sufficiently rapid to liberate 
a significant amount of hydrogen peroxide in the solution. 

In absence of cyanide, adrenaline and leuco-adrenochrome were readily oxidized 
by the indophenol oxidase-cytochrome system. The rapid oxygen uptake ob- 
tained with adrenochrome and the malic system in the presence of cyanide 
showed that for the operation of this system the indophenol oxidase was not 
necessary. Adrenochrome appeared in fact to provide a short cut for the oxida- 
tion of malic acid which could proceed by reactions III, IV and V without in- 
volving the indophenol oxidase system. Whether the oxidation of leuco-adreno- 
chrome to adrenochrome was an autoxidation or whether it was enzymic remains 
to be investigated. 

The observed value of 5 for the turnover number shows that adrenochrome is 
highly active as an oxygen carrier for the malic dehydrogenase system. This 
value was obtained despite the fact that adrenochrome is a very unstable sub- 
stance and was in fact decomposing during the time that the measurement was 
made. The true catalytic activity of adrenochrome may therefore be even higher 
than this value for the turnover number would suggest. 

Inactivation of adrenaline. Adrenaline is believed to pass continuously into 
the blood stream from the medullary tissue of the suprarenal gland. Recent 
work has made it probable that adrenaline is also liberated as the transmitter 
substance at the adrenergic nerve endings of the sympathetic system [Loewi & 
Navratil, 1926; Gaddum & Schild, 1934]. After serving its physiological purpose 
adrenaline is rapidly destroyed; but it is not known how this destruction takes 
place. 











ADRENALINE AND ADRENOCHROME 615 


Adrenaline is very readily autoxidizable in vitro. The assumption has there- 
fore often been made that adrenaline is also destroyed by autoxidation in the 
body; but this has been made improbable, since it has been shown that the tissues 
contain an inhibitor which is very efficient in protecting adrenaline from 
autoxidation [Wiltshire, 1931; Welch, 1934; Heard & Welch, 1935]. 

Blaschko et al. [1936; 1937] have recently shown that adrenaline is destroyed 
by an enzyme, adrenaline oxidase, which is present mainly in liver, kidney and 
intestine. This enzyme is not inhibited by cyanide and oxidizes the adrenaline 
molecule in the side chain. 

In the present investigation adrenaline was found to be rapidly oxidized by 
cytochrome and by the indophenol oxidase-cytochrome system. The oxidation 
product adrenochrome, although active as an oxidation carrier, was com- 
paratively inactive as a vasoconstrictor. The indophenol oxidase-cytochrome 
system is known to be present in practically all animal tissues. This suggests an 
analogy with the choline esterdSe system which inactivates the transmitter 
substance of the cholinergic nerve endings. 

Of the sympathomimetic drugs which have been tested it is significant that 
those which are known to be most rapidly destroyed in vivo were also the most 
rapidly oxidized by the indophenol oxidase-cytochrome system. 

Physiological actions of adrenaline. It has been shown qualitatively that 
under certain conditions adrenaline is rapidly converted into adrenochrome 
which can act as an oxidation carrier for the coenzyme I dehydrogenase systems 
of lactic and malic acids. The question arises whether this action of adreno- 
chrome can be effective at concentrations which are of physiological significance. 

Stewart & Rogoff [1922] estimated the normal concentration of adrenaline in 
the blood of the carotid artery as 10-*. In the suprarenal vein they found normal 
concentrations of about 2 x 10-* which rose to 10-° after an injection of strych- 
nine. The human suprarenal medullas contain about 9 mg. of adrenaline which in 
muscular fatigue can be discharged within a few hours. If it is taken that 1 mg. 
can be discharged in the course of a short spell of muscular effort this represents 
a concentration of 2 x 10-7 in 5 litres of blood. 

In the experiments described on the malic dehydrogenase system adrenaline 
exerted a carrier action that was measurable in vitro at concentrations down to 
6x 10-7. It is hardly to be expected that the conditions of these experiments 
were physiologically optimal. The general experience with oxygen carriers such 
as cytochrome and lactoflavin is that far higher concentrations are required to 
obtain an oxygen uptake measurable in vitro than are necessary in the living cell. 
It can therefore be concluded that the carrier action of adrenochrome may come 
within the range of possible physiological concentrations. In reconstructing the 
complete system in vitro, cyanide was necessary for the removal of oxaloacetic 
acid; but the essential stages of the oxidation could also be carried out indi- 
vidually in the absence of cyanide. The enzymes and substances described are 
known to be present in mammalian muscle, and there is no known reason why 
the reactions described should not also occur in vivo. 

Clearly the carrier action described can have nothing to do with the vaso- 
constrictor action of adrenaline which is shared by many other phenylethyl- 
amine derivatives; but adrenaline has a number of other actions affecting meta- 
bolic processes in which the coenzyme and dehydrogenase systems are intimately 
concerned. The question whether any part of the physiological action of 
adrenaline can be attributed to the carrier action of adrenochrome remains for 
further investigation to decide. 
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SUMMARY 


Adrenaline induces a vigorous oxygen uptake when added in low concentra- 
tions to the reconstructed lactic and malic dehydrogenase systems of heart 
muscle. This effect has been analysed and found to be due to the formation of a 
red-coloured oxidation product, adrenochrome, which can act as a respiration 
carrier. 

Adrenochrome has been isolated in the crystalline state and its properties and 
constitution have been investigated. A bromo-derivative and an oxime of 


adrenochrome are described. 

The oxidation of adrenaline to adrenochrome is catalysed (1) by a cyanide- 
insensitive system present in heart and skeletal muscle, and (2) by the cyto- 
chrome-indophenol oxidase system present in all tissues. 
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Note added 2 April 1937. Since going to press our attention has been drawn to some work of 
Weinstein & Manning [1935] who obtained a crystalline red product by oxidising adrenaline with 
silver oxide. This substance they believed to be the ortho-quinone of adrenaline; but they give 
no analytical data, and in view of the work of Ball & Chen [1933] it appears likely that their 
product is the same as the compound we have described as adrenochrome. It may also be 
mentioned that Friedheim [1933] found the respiration of rabbits’ red blood corpuscles to be 
increased by 50% by addition of a red compound obtained by oxidising adrenaline. 
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Traces of keto-acid have been found to inhibit the in vitro reaction of the lactic 
and malic dehydrogenases of animal tissues with molecular oxygen [Green & 
Brosteaux, 1936; Green, 1936]. The oxidation of lactate or malate was found to 
proceed more or less linearly only in presence of reagents which can combine 
with keto-acids. Cyanide was the most efficient of all the ketone fixatives in the 
sense that the speed of oxidation of lactate or malate was several times as 
great in presence of cyanide as in presence of other fixatives such as hydrazine, 
hydroxylamine and semicarbazide. 

The chemical literature has no references to the formation of pyruvic and 
oxaloacetic cyanohydrins in aqueous solution. It was therefore only on the basis 
of analogy with other ketones that cyanide was assumed to combine with 
pyruvic and oxaloacetic acids. The present communication presents evidence 
that cyanide reacts rapidly at neutral pH with the above keto-acids to form the 
corresponding cyanohydrins. 

Pyruvic cyanohydrin. When KCN and pyruvic acid were mixed in equi- 
molecular proportions, the nitroprusside test became negative and no free 
keto-acid could be estimated by bisulphite-iodine titration. The potassium salt 
of the cyanohydrin was isolated by evaporating the aqueous solution in vacuo 
to a thick syrup and adding several volumes of ethyl alcohol. The salt gradually 
settled out as a sticky mass which became friable after several washings with 
absolute alcohol. Two recrystallizations from hot absolute alcohol yielded a 
pure product. The substance is extremely hygroscopic: M.P. 87°. (Found 
(Weiler). C, 30-80; N, 9-16; H, 2-80; K, 25-70%. C,H,O,NK requires C, 31-37; 
N, 9-15; H, 2-61; K, 25-48%.) 

A solution of the cyanohydrin gave a negative nitroprusside test and failed 
to react with bisulphite (as shown by iodine titration). Addition of 2:4-dinitro- 
phenylhydrazine produced no precipitate in 24 hours. Boiling the neutral or 
acid solution for 5 min. decomposed the cyanohydrin, and the presence of free 
pyruvic acid was demonstrated by the usual tests. The identification of pyruvic 
acid was accomplished with 2:4-dinitrophenylhydrazine. About 70% of the * 
theoretical yield of pyruvichydrazone was obtained; M.P. 213°; mixed M.P. 213°. 
(Found (Weiler). C, 40-53; N, 20-40; H, 3-22%. C,H,O,N, requires C, 40-28; 
N, 20-90; N, 301%.) 

Cyanohydrin formation took place rapidly in the pH range between 6 and 10. 
In all cases the cyanohydrin was decomposed by boiling in acid or neutral 
solution. Alkali in the cold was found to decompose the cyanohydrin within a 
few minutes; but unless the solution was acidified rapidly, recombination of 
pyruvate and cyanide occurred in the course of adding the acid. 

* Beit Memorial Research Fellow. 
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Oxaloacetic cyanohydrin. The oxaloacetic acid used in this study was prepared 
by the method of Wohl & Oesterlin [1901]. 

When KCN, oxaloacetic acid and KOH were mixed in equimolecular propor- 
tions, cyanohydrin formation was found to take place as judged by the negative 
tests for free keto-acid. The isolation followed the same procedure as above. The 
potassium salt of oxaloacetic cyanohydrin was even more hygroscopic than the 
pyruvic compound. The m.P. after drying over sulphuric acid in vacuo at room 
temperature was 95° (decomp.) but prolonged drying over P,O; at 60° in vacuo 
raised the M.P. to 135° (decomp.). There appeared to be some decomposition of 
the cyanohydrin even at 60°. No method has yet been found for purifying the 
potassium salt of the cyanohydrin. It was found to be insoluble in all organic 
solvents. 

A solution of the dipotassium salt of oxaloacetic cyanohydrin showed a 
negative nitroprusside test and failed to react with bisulphite. On boiling the 
aqueous or acid solution, decomposition took place, CO, being liberated and 
pyruvic acid formed. The latter was identified as the 2:4-dinitrophenylhydrazone. 

Treatment of oxaloacetic cyanohydrin with dilute alkali (cold) regenerated 
the free keto-acid within a few minutes. When the alkaline solution was poured 
rapidly into a hydrochloric acid solution of 2:4-dinitrophenylhydrazine, the 
hydrazone of oxaloacetic acid was recovered in 75% yield. The recrystallized 
hydrazone had a M.P. of 212° with a N content of 17-80%, theory requiring 
17-94%. 

Oxaloacetic acid can be estimated manometrically as CO, after decomposition 
by aniline in slightly acid solution [Ostern, 1933]. The cyanohydrin was not 
decomposed under the same conditions. The manometric method enabled 
therefore a determination of the speed of combination of oxaloacetic acid and 
cyanide to be made. Cyanide and oxaloacetic acid were incubated at 38° in the 
manometer for various lengths of time before the aniline-citrate solution was 
introduced. It appeared that reaction between oxaloacetic acid and cyanide 
was complete in less than 1 min. 
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For the elucidation of the mechanism of the fermentation it seemed to us 
essential that the medium in which the fermentation takes place should be 
synthetic, in order to eliminate any unknown influence. Up to now no one has 
effected a normal butanol-acetone fermentation in a strictly synthetic medium. 
Weyer & Rettger [1927] have already shown that Clos. acetobutylicum grows 
only in synthetic media which contain a specific nitrogen supply like peptone or 
egg albumin. Simple amino-acids or ammonium salts could not be substituted 
for the highly complex compounds. Yet the fermentation was still far from 
being a normal one, the yield of butanol being only a small fraction of that 
obtainable by fermenting maize. Later on Weinstein & Rettger [1933] found that 
the addition of zein to a semisynthetic (peptone-containing) medium gave a 
yield of solvents corresponding to about 21 % calculated on the sugar employed. 
Prolamins from other cereals were able to replace zein; other high-molecular 
proteins gave low yields of butanol. The authors concluded therefore that the 
prolamins are a necessary constituent for a normal yield of butanol. 

Further evidence regarding the difficulty of effecting a normal butanol- 
acetone fermentation in a semisynthetic medium (yeast-water, glucose) with 
Clos. acetobutylicum was given by Langlykke et al. [1935]; they obtained a very 
low yield of butanol and acetone combined with a high final titration acidity. 


I. THEORETICAL 


In order to proceed to a normal butanol-acetone fermentation in a strictly 
synthetic medium our first task was to obtain a more thorough knowledge con- 
cerning the constituent in maize which is necessary for a normal fermentation. 
A fermentation has hitherto been termed “‘normal” when the yield of solvents, 
i.e. butanol and acetone, was identical with that obtained by fermenting a 
maize mash of a corresponding carbohydrate content. We consider the yield to 
be only one of the factors determining a so-called normal fermentation, and that 
the definition should also take into account the fermentation velocity. We have 
studied the influence of the constituents affecting the fermentation velocity in 
respect of a normal yield of butanol and have obtained information not only 
about the “‘activator’’ of the butanol-acetone fermentation—as we term the 
active constituent—but also about the fermentation itself. 

Since the conception of bios raised by Wildier has been confirmed by Kégl 
[1936; K6gl & Toennis, 1936] and many others, there has been a marked trend 
to solve analogous problems in the vast field of bacterial metabolism, viz. to 
investigate the necessary specific requirements. 

Biochem. 1937 xxx1 ( 619 ) 39 
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It is to be expected that related species of bacteria would have similar 
specific requirements for their metabolism, and conversely if similar specific 
requirements are observed the existence of a genetic relationship may be 
suggested which hitherto has not been recognized. 

By comparing the experimental results concerning the specific requirements 
of Clos. acetobutylicum (Weizmann) [Weizmann, 1915; 1919] with those of 
butyric acid bacteria described by Tatum et al. [1933], and of propionic acid 
bacteria [Tatum et al. 1936; Fromageot & Laroux, 1936] we have come to the 
conclusion that they have the following features in common. 

These bacteria require for their metabolism the presence of at least two 
compounds, which separately do not exhibit any action. The one is asparagine 
which may be replaced by aspartic acid or other compounds of related structure. 
Both the American and the French investigators have brought forward experi- 
mental evidence, especially for the propionic acid bacteria, that this compound 
plays a role in the nitrogen metabolism of the bacteria. The second compound, 
the description of which will be the main subject of this paper, is a low-molecular 
substance of still unknown constitution and widespread occurrence. This 
compound which stimulates, in combination with the first compound, viz. 
asparagine, the fermentation of sucrose with Clos. acetobutylicum has also been 
recognized, both by Fromageot & Laroux and Tatum as the second necessary 
requirement for the glucose fermentation in the case of propionic acid bacteria. 

According to the experimental conditions (maize mash media) it is highly 
probable that the butyric acid bacteria of Tatum also need the second compound, 
in spite of his statement that asparagine is the only factor responsible for the 
stimulation of the production of butanol by butyric acid bacteria. If the 
necessary specific requirements for the fermentation are prepared from natural 
sources the dualism cannot often be immediately recognized in the crude extracts 
from yeast, potatoes, green plants etc. [see Tatum e¢ al. 1936, p. 160], unless the 
asparagine is separated, as e.g. by treatment with mercuric acetate and sodium 
carbonate [Tatum ef al. 1936]. This dualism of activating principles made it 
necessary in our experiments to carry out the quantitative measurements of the 
second compound—the activator—in the presence of asparagine in order to exclude 
possible errors derived from the accidental presence or absence of this compound. 

The activating principle of still unknown constitution is, in our opinion, a 
coenzyme-like substance. We are not yet advanced enough in our knowledge 
about the activator to be able to describe the mechanism of the activation, i.e. 
the action of the activator as growth-promoter like biotin [K6gl & Toennis, 
1936] or its function as hydrogen and phosphate carrier like cozymase [Euler 
et al. 1936; Vestin, 1936], or Warburg & Christian’s [1936] coenzyme from red 
blood cells. Yet the experimental fact—often observed in this laboratory—that 
insufficiently anaerobic conditions or lack of activator or both lead to the forma- 
tion of acids (mainly butyric) which inhibit the fermentation, seems to point 
to the fact that the activator may play an essential role as hydrogen carrier 
in the enzyme system of the bacteria in bringing about the unusual hydrogena- 
tion of butyric acid or B-hydroxybutyric acid to butanol, besides the obvious 
favourable effect upon the growth of the bacteria. 


II. ExPERIMENTAL 
1. Experimental procedure (General) 


Measurement of the gas formed during the fermentation was adopted as the 
most sensitive, reliable and convenient procedure for kinetic studies. After 
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several trials with long test-tubes as fermentation vessels we decided to use 
50-ml. long-necked flasks containing always 40 ml. of medium so as not to 
leave too much air space above the surface of the liquid, thus ensuring the easy 
production of anaerobic conditions. The addition of pulped filter-paper [Weyer 
& Rettger, 1927] or asbestos fibre proved to be essential to media poor in solid 
matter, in order to obtain reproducible results. 

The gas was collected over water under slightly reduced pressure in graduated 
glass cylinders of about 500 ml. capacity and capable of being read to an accuracy 
of 1 ml. 

A series of these graduated cylinders was kept in an incubator room at 37°. 

Inoculant. The inoculant used in all cases was a 24-hour culture of Clos. 
acetobutylicum (Weizmann) in 5% maize mash, inoculated always from spores in 
order to ensure constant vigorous fermentation. It was prepared by inoculating 
about 10 ml. 5 % sterile maize mash with 1 ml. of spore suspension from a 10-day 
old fermented maize tube. After subsequent pasteurization for 3 min. in boiling 
water and immediate cooling the tubes were incubated at 37°. 

Sterilization. It is necessary to sterilize or resterilize the media immediately 
before inoculation in order to provide anaerobic conditions for the bacteria. 
The maize mash was sterilized at 25 lb./sq. in. for 2 hours, the sugar and other 
solutions were only steam sterilized. 


2. Velocity of a maize mash fermentation 


The fermentation of a maize mash, to which we always refer as standard or 
normal fermentation, was carried out by inoculating 40 ml. of resterilized 2-5 % 
maize mash with 1 ml. of a vigorous 24-hour culture of Clos. acetobutylicum 
strain D in 5% maize mash as inoculant. 

A parallel experiment was carried out by using strain H as inoculant. This 
strain was obtained from strain D by a gradual increase of the time of pasteuriza- 
tion from 3 up to 13 min. The result is given in Fig. 1. Strain H is definitely 
weakened by this treatment in comparison with strain D. 


Strain D 


ml. gas produced 


15 
Hours 


Fig. 1. Fermentation of maize mash. 


The curves consist principally of three parts: (1) the initial part with increasing 
fermentation velocity, (2) the main part, with constant and maximum fermenta- 
tion velocity and (3) the final part of the fermentation curve with decreasing 
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velocity of gas evolution. The curves given as examples show that about 60% 
of the total gas formed is within the linear part of the curves; 21 curves which 
we have examined in this connexion showed that on an average 66 % of the total 
gas given off was formed within the linear part of the curve. We therefore felt 
justified in assuming that the steepness of the linear part of the fermentation 
curve is a characteristic of the fermentation intensity. As will be shown later, 
the fermentation intensity depends largely on the activator content of the medium, 
A quantitative measure of the activator concentration is therefore given by the 
steepness of the fermentation curve. The maximum fermentation velocity is 
independent of the amount of bacteria in the inoculant, or of any other influence 
on the initial growth period. 


3. Comparison of fermentation velocities of maize samples used 


The maize used for the preceding experiments was freshly harvested 
(October 1935) Palestine maize. The maximum fermentation velocity seen 
from the curves in Fig. 2 amounted to 24-5 ml. per hour for strain D. After 
8 months practically the same value (25-2 ml. per hour) was observed using the 
same maize and the 14th generation of the same strain. 

Several experiments were carried out with another sample of maize of un- 
known origin which had been kept in stock for more than a year. We will always 
refer to this sample as ‘‘old maize”. In order to render possible the comparison 
of the results obtained by the use of the different samples we give the correspond- 
ing values of the fermentation velocities in Table I. Both strain H and strain D 
were tried as inoculant. 


Table I. Comparison of fermentation velocity of a 2-5°/, maize mash prepared 
from “‘old maize” with that of one from maize “1935”. 


Maize “‘ 1935” Maize “old” 





StrainH Strain D Strain H Strain D 


Fermentation velocity, ml. per hour 19-6 24-5 16-3 20-7 

Ratio strain H/strain D 0-80 0-79 

The fermentation velocity of “old” maize is only 80% of that of the maize 
1935”. The lower fermentation velocity may possibly be due to decrease of 
activator content during storage but as a corresponding decrease in the case of 
maize “1935” has not been observed after a year’s storage, it is possible that 
the low value observed with ‘‘old” maize was peculiar to that sample. Both 
strains tested showed equal responses to the two different samples of maize, 
the ratio of velocities observed remained constant. 


4. Distribution of activator in maize 


During the search for a suitable method for the isolation and preparation of 
the activator, it was of interest to get some information about the distribution of 
the activator in maize between the bran and the starch. If a 2-5% maize mash, 
prepared in the usual way, is allowed to stand overnight the bran as well as the 
husks settle down fairly well, and a crude separation of the supernatant fluid from 
the bran can be effected by careful siphoning. 

(1) 40 g. of the supernatant fluid representing an opalescent starch solution 
without solid particles were filled into a fermentation flask, resterilized, inocu- 
lated with 1 ml. maize mash culture of Clos. acetobutylicum strain H and incu- 
bated at 37-5°. 
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(2) 40 g. of the settled suspension of bran and husks were filled into a fermen- 
tation flask, resterilized, inoculated and incubated as in (1). We may regard it 
as a starch suspension which is relatively rich in bran compared with ordinary 
maize mash. 

(3) 40 g. of ordinary 2-5°% well mixed maize mash were fermented simul- 
taneously with (1) and (2). The maize used was “old”; the experiments were 
carried out in duplicate. The results are given in Table II. 


Table II. Distribution of activator in maize 


(1) Starch sus- (2) Ordinary (3) Starch sus- 
pension free mash pension rich 
from bran in bran 


Fermentation velocity, ml. per hour 6-1, 6-1 16-2, 16-4 18-8, 18-8 


Though the ratio of the observed velocities may not be absolutely true, 
owing to the crude method of separating and to the fact that it is not exactly 
known what amount of activator has been rendered soluble by the intense treat- 
ment which maize mash undergoes during the sterilizing process, it is quite 
obvious from the above results that the bulk of the activator is held in the bran 
of the maize. Some maize mash was malted with malt extract at 58° for 16 hours 
in order to saccharify the starch. The bran preparation prepared by this method 
was found to have a low activating effect probably owing to the activator being 
rendered soluble by this method. The fermentation velocity observed was 6 ml. 
gas per hour using the optimum amount of bran (grains) which corresponded 
approximately to 1-5 g. of maize “‘old” per 40 ml. of 1-5 % sucrose. 


(5) Extraction of the activating principle from maize 

Extraction of maize with 85°/, alcohol. Weinstein and Rettger conclude from 
the results of their experiments that only the prolamin, i.e. the zein which they 
obtained by extracting maize with 80% alcohol, is able to activate a semisyn- 
thetic medium so that a normal yield of butanol is obtained, while the extracted 
maize loses its ability to ferment normally. Yet a comparison of the quantitative 
relationship between the minimum amount of zein required for a normal fermen- 
tation in a semisynthetic medium which they found to be 4% and the zein con- 
tent of a 5% maize mash which is 0-25 % , makes it probable that maize contains 
16 times as much activator as is contained in zein. We found it therefore desirable 
to check this calculation by determining experimentally the exact ratio of 
fermentation velocity between normal maize and maize from which the zein has 
been quantitatively extracted. 

100 g. maize meal (“old”) were suspended in 500 ml. 85 % alcohol and shaken 
on the machine for 5 hours; the maize meal was separated from the alcoholic 
extract and washed with 100 ml. 85% alcohol. The whole extraction procedure 
was repeated three times in exactly the same manner. The last (fourth) extract 
gave only a very faint turbidity when diluted with cold water. The extracted 
maize was dried on filter-paper (91 g.). From this sample a 5% mash was 
prepared ; 20 g. of this mash were filled into each of 3 fermentation flasks and 
made up to 40 mg. with tap water. Three experiments with the corresponding 
amount of ordinary maize (20 g., 5-25°%, mash) were carried out. After re-sterili- 
zation the flasks were inoculated as usual with 1 ml. of a 24-hour culture in 
maize mash (strain H) and incubated at 37° (Table ITI). 

A 5% maize mash contains according to Tatum as much activating con- 
stituents as a medium containing 4% zein. In a 5% maize mash (0-25 % zein) 
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Table III 


Normal maize (“‘old’’) Maize (“‘old’’) zein-free 
Fermentation velocity, 16-2, 16-6, 15-9 13-9, 15-0, 14-0 
ml. hour Mean value 16-2 Mean value, 14:3 


2 


the distribution of activator should be accordingly S 


= 15 in the zein and a 
in the residue, i.e. 93-7°%. Experimentally we have found — =88-3%. 

Extraction of maize with 0-1 N HCl. Dilute hydrochloric acid proved to be 
more effective for extracting the activator from maize. Maize (zein-free) which 
was shaken for 4 hours with hydrochloric acid (pH of the maize meal suspension: 
2-1) centrifuged, neutralized and made up into a 5% sterile mash exhibited a 
very sluggish and incomplete fermentation, thus confirming the results of earlier 
experiments of Weizmann & Davies [1937]. 

The activator content of fermented maize mash. The strong amylolytic and 
proteolytic activities of Clos. acetobutylicum (Weizmann) make it highly probable 
that the insoluble part of the activator which is present in the bran of the maize 
will become soluble during the fermentation process. If the activator is not used 
up in the metabolism of the bacteria, as would be the case if the activator were a 
specific nutritive factor, it should be possible to demonstrate the presence of the 
activator in the “‘spent wash”’. 

(a) Preparation of the “‘ spent wash”. The fermented liquid from 8 litres 5% 
maize mash was evaporated in a Faust-Heim hot air evaporator to 1-3 litres. 
6-7 g. sodium phosphate (Na,;PO,,12H,O) and 33-2 ml. of 2N NaOH were 
required to adjust the acidity of the concentrated spent wash to pH 6-2. 

(6) Fermentation test with “‘ spent wash” as activator. (1) To 0-5 g. of sucrose in 
long test-tubes were added 3-0 ml. of cone. “‘spent wash”. Total volume made 
to 12 ml. with tap water. Inoculant: 1 ml. culture in 5% maize mash. Tempera- 
ture 37°. (2) A parallel experiment was made exactly the same as (1) except that 
the spent wash used (3-0 ml.) was separated from solid particles by centrifuging. 
All experiments were carried out in duplicate. The fermentation velocities 
found were: 1-3 ml./hr. for (1) and 3-3 ml./hr. for (2). By centrifuging the spent 
wash a constituent was separated which had an unfavourable effect upon the 
growth of the bacteria. A microscopical examination showed degeneration in the 
fermentation where the original spent wash was used (1), while (2) showed 
normal and healthy forms of the bacteria. 

Under the experimental conditions with which we worked in this experiment, 
the values of the fermentation velocity observed can only be compared with 
speed values obtained under similar experimental conditions. The theoretical 
activator content of 3-0 ml. spent wash is approximately one activator unit 
(1 4.U.). (For definition of activator unit see p. 628.) Supposing that under the 
experimental conditions used, 1 a.v. corresponds to 5-6 ml. per hour, we may 
guess the yield of activator in the spent wash as being roughly 1/2 to 2/3 of the 
theoretical. This figure has of course only qualitative significance. 

We did not endeavour to obtain an activator extract from maize, as yeast 
proved to be a very convenient source for this purpose. 


6. Preparation of activator extracts from yeast 


In spite of the unsatisfactory results obtained by Langlykke et al. [1935] who 
fermented a glucose-yeast water medium with Clos. acetobutylicum (Weizmann) 
it seemed possible that the procedure hitherto employed for the extraction of the 
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activator from yeast could be improved by adopting Willstiatter’s [1928] method 
of controlled autolysis. 

Assuming that the activating substance might be associated with cellular 
protein as “‘symplex” in the sense of Willstatter [Willstatter & Rohdewald, 
1934] we chose conditions favourable for the liberation of the yeast proteases. 
Therefore the prescription given by Grassmann & Haag [1927] was used with 
little alteration. 

The results of the following experiments make it highly probable that the 
liberation of the activator is considerably helped by the action of the yeast 
proteases. We compared the activating effects of two different autolysates. 
(1) Yeast autolysate separated from the cell residue 1 hour after plasmolysis 
with ethyl acetate which did not produce any proteolytic activity according to 
the findings of Grassmann. (2) Yeast autolysate separated from the cell residue 
after the incubation of the autolysate at pH 6-5 for 48 hours. 

It was shown by Grassmann and we were able to confirm it in the case of the 
proteolysis of both gelatin and soya proteins, that yeast autolysate prepared in 
this way exhibits optimum proteolytic activity. 

(1) 200 g. of baker’s yeast were plasmolysed with 10 ml. ethyl acetate, the 
mass being kneaded until complete liquefaction took place (5 min.). After 
standing at room temperature for 1 hour the mass was centrifuged and filtered. 
The filtrate was kept under a layer of toluene. Measured portions of the auto- 
lysate carefully freed from toluene were added to 10 ml. of a 6% cane-sugar 
solution in tap water, the total volume (including 0-5 ml. inoculant) made up 
with tap water was 15 ml. Before inoculation the medium was sterilized twice 
on successive days for 1 hour at 100°. The fermentation was carried out in long 


pyrex test-tubes (16 x 220 mm.) at 37°. 


Table IV 
ml. inoculant 0-5 0-5 0-5 
ml. yeast autolysate as described None 0-5 1-0 
Corresponding amount of fresh None 0-5 1-0 
yeast, g. 
Rate observed, ml. of gas per hour 0-34 0-78 0-95 


(2) 100 g. of baker’s yeast were plasmolysed with 5 ml. ethyl acetate. After 
the yeast had become liquid 100 ml. distilled water were added and the auto- 
lysate was kept neutral by gradual addition of 25 ml. 5% Na,PO,,12H,O. A 
layer of toluene prevented putrefaction during the subsequent autolysis at 37° 
for 48 hours. After incubation the autolysate was made up to 400 ml., filtered, 
freed from toluene and sterilized after readjustment of weight. The fermentation 
was carried out as described in the preceding experiment. 


Table V 


Total volume, 15 ml.; £=37°. 


ml. inoculant 0-5 4-0 0-5 0-5 0-5 0-5 0-5 
ml. yeast autolysate as None None 0-2 0-5 1-0 2-0 5-0 
described 

Corresponding amount of None None 0-05 0-125 0-25 0-5 1-25 
fresh yeast, g. 

Rate observed, ml. per hour 0-22 3-33 1-50 2-54 3-92 4-48 5-16 


The results given in Tables IV and V show that the extract obtained by short 
autolysis is practically free from activator. The parallelism between the activator 
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content and protease content of the two autolysates is obvious. The absolute 
values of the fermentation velocity observed in these experiments are low com- 
pared with the values in other fermentations which are described later in this 
paper. The relative values given are comparable with one another as is evident 
to some extent from the rate obtained under the same conditions with 25% 
maize mash inoculant (Table V, col. 2) and is still more evident from the following 
two sets of experiments. The activator solution used for both experiments was 
prepared by dialysing yeast autolysate against distilled water and concentrating 
the joined dialysates; 1 ml. of the concentrated dialysate corresponded to 1 g. of 
fresh yeast. 

Exp. 1 (Table VI). 8 long test-tubes, each containing 0-6 g. cane-sugar, 
varying amounts of dialysate as shown in the table and made up to 15 ml. total 
volume with tap water (including 1 ml]. inoculant) were connected with graduated 
collecting tubes and incubated at 37°. 


Table VI 


ml. activator solution 0-05 0-10 0-20 0-50 1-0 2-0 5-0 10-0 


Fermentation velocity 16 0-5 4-4 0-7 2-3 2-3 2-1 Stopped after 
ml./hr. 53 ml. gas 
evolved 


The experiments of Table VII were carried out in 50-ml. flasks containing 
0-6 g. of cane-sugar in a volume of 40 ml. together with 0-5 g. of sterilized filter 
pulp. The same and varying amounts of activator solution were used as in the 
preceding experiment. The individual experiments were carried out in duplicate. 


Table VII. 
1 ml. inoculant strain D; t=37-5°. 


ml. dialysate of autolysed None 0-1 0-2 rf 1-0 2-0 
yeast 

Corresponding amount of None 0-1 0-2 : 1-0 
fresh yeast 

Rate observed, ml. per hr. 1-2 3-8 8-6 20-0 21-7 19-6 

% yield of solvents calcu- Not Not Not 30-7 35-6 Not 


lated on the sugar em-_ estimated estimated estimated Mean Single estimated 
ployed value value 


2-0 


It is surprising to see the striking effect of small alterations in the experi- 
mental conditions on the fermentation intensity. Special experiments have 
proved that the filter pulp cannot be omitted without diminishing the fermenta- 
tion velocity. In this experiment we succeeded for the first time in obtaining 
artificially a “normal” fermentation, comparable both in velocity and in yield 
of solvents with a normal maize mash fermentation (see Fig. 1). With the 
exception of the activator every constituent of the medium is chemically defined. 
The yield of solvents was estimated by distilling off one-third of the fermented 
liquid and by counting the number of drops of the distillate given by a 5 ml. 
stalagmometer which had been checked with known mixtures of fermentation 
solvents with water. The results obtained by this method were quite satisfactory 
for control purposes, and they agreed with the results which were obtained when 
the fermentation was carried out on a larger scale. 

A medium consisting of 14 ml. D, (=dialysate of yeast autolysate 1st frac- 
tion) as activator, 2-1 g. asparagine and 42 g. of sucrose and 2 g. asbestos pulp 
made up to 2800 ml. with tap water was inoculated with 80 ml. inoculant 
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(24 hours old) of exactly the same relative composition. A parallel experiment was 
carried out simultaneously but instead of the dialysate D, 28 ml. of the second 
fraction, D,, of a dialysate from yeast autolysate was used as activator. (The 
preparation of D, and D, is described later.) Result: 13-6 g. (D,), 14-0 g. (D,) 
solvents were collected over saturated K,CO, solution, i.e. 31-5 (D,), 32-4 (D,) 
% on the weight of sugar (43-2g.) including the amount of sugar in the 
inoculant used. 

The acetone content of the solvents obtained was 21-8°% for D, and 23-0% 
for D,. The fermentation was in both cases complete in 40 hours at 36°, 
21-3 (D, and D,) litres of gas being formed. 


7. Activator in yeast-water 


The yeast-water was prepared by heating one part of yeast in the presence 
of egg white with 5 parts of water under slight pressure [van der Lek, 1930]. 
The clear yellow filtrate was used. 

To 6 flasks (50 ml.) containing 0-6 g. sucrose and 0-5 g. filter-pulp, increasing 
amounts of yeast-water were added as given in Table VIII; the volume was made 


up to 40 ml. with tap water. 
Table VIII 


1 ml. inoculant strain D; t=38-5°. 


ml, yeast-water 10, 10 20, 20 40, 40 
Corresponding amount fresh yeast, g. 1-67 3-33 6-67 
Max. rate observed 18, 18-0 15-4, 16-4 18-4, 28-9 
Main rate, ml. per hour 4-6, 5-6 5-5, 7-2 7-3, 6-5 

The fermentation carried out with yeast-water as source of activator behaves 
abnormally. With the exception of one experiment with 40 ml. yeast-water, 
which showed a gas evolution of 28-9 ml. per hour, the fermentation velocity 
decreased to the low values which have been specified as “main rate” in 
Table VIII, as the principal part of the fermentation was going on at the low 
rate. The higher temperature prevailing during this experiment is probably not 
the reason, as other fermentations carried out simultaneously behaved normally. 
The best of these fermentations with yeast-water was that in which 40 ml. 
yeast-water were used. If we compare the amounts of yeast required for the 
preparation of that amount of activator which produces an optimum fermenta- 
tion, we find the following: 0-5 g. baker’s yeast for the dialysate from yeast 
autolysate (see Table VII), 6-67 g. for yeast-water (Table VIII). The method of 
preparing activator solutions from yeast by controlled autolysis is obviously 
superior to the procedure involved in preparing yeast-water, both in yield and in 
the general influence on the fermentation. 


8. Influence of the activator concentration on the fermentation velocity 


For the quantitative estimation of the activator from kinetic results an 
intimate knowledge of the influence of the activator concentration on the 
fermentation velocity was of importance. We therefore completed the results 
given in Table VII by estimating the fermentation velocity using 0-3, 0-4 and 
0-5 ml. of the same dialysate from autolysed yeast. The total volume (40 ml.), 
amount of filter-pulp (0-5 g.), sucrose (0-6 g.) and inoculant corresponded to the 
standard conditions adopted in the experiment of Table VII. The results obtained 
are shown in Table IX. 
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Table IX 


30 0-40 0-50 
5 10 
2 17-7 21-1 






ml. dialysate 0- 
Number of experiments 7 
Fermentation velocity, ml./hr. (mean value) 13- 






From these data and those given in Table VII the curve in Fig. 2 was con- 
structed by plotting the values of fermentation velocity against the corresponding 
amount of activator solution. Each velocity value was taken from an individual 
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fermentation curve as shown in Fig. 1. This graph shows that between the limits 
of 0-1 and 0-5 ml. of activator solution the fermentation velocity is proportional 
to the activator concentration. At lower activator concentrations the curve 
bends towards the ordinate owing to the activator content of the inoculant used. 
Higher activator concentrations than 0-5 ml. of this activator solution are without 
influence on the fermentation velocity. 













9. Definition of the activator unit (A.U.) 


One activator unit (A.U.) is defined as that amount of substance which is 
just sufficient to produce maximum velocity in a butanol-acetone fermentation 
of a solution containing 0-6 g. sucrose and 0-03 g. asparagine (0-2 millimol) in a 
total volume of 40 ml. at 37°. 

The customary requirements for bacterial growth such as Ca, Mg, PO, etc., 
and also the requirement of filter-pulp for liquid media are omitted from this 
definition. 

The dialysate of yeast autolysate contains for example 2-0 a.v. in 1-0 ml., as 
can be seen from Fig. 3, or, as the dialysate contained 7-4°% dry matter, the 
relative concentration of this activator solution may be given as 27 A.U. per g. 
(dry). 















10. Fractional dialysis of yeast autolysate 






For preparative purposes it was of interest to obtain some information 
regarding the activator content of the different fractions obtained during 
dialysis. We have omitted to give experimental details for the preparation of 
the dialysate from yeast autolysate which we used in the preceding experiments. 
The main difference between the earlier procedure and that now to be described 
was that we did not unite the fractions obtained but analysed them separately. 

2 kg. of baker’s yeast (Polish) were plasmolysed with 200 ml. of ethyl acetate. 
After liquefaction (2 min. after the addition of ethyl acetate) the mass was 
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mechanically stirred and kept neutral (to litmus) by the gradual addition of 
500 ml. 10% sodium phosphate solution (Na,PO,,12H,O) during 80 min. (the 
room temperature was 26°); 160 ml. toluene were then stirred into the autolysate. 
After incubation at 37° for 24 hours another 130 ml. 10°% sodium phosphate 
solution were added and also 100 ml. of toluene to replace the loss by evapora- 
tion. The autolysate was incubated for another 36 hours. 

Fractional dialysis. The yeast autolysate (2925 g. including yeast cells) was 
poured into the parchment container of a rotating Gutbier dialyser and dialysed 
against 61. distilled water at room temperature (25°). A mixture of 200 ml. 
xylene and 150 ml. chloroform was added to the distilled water. After 16 hours’ 
dialysis the clear yellow dialysate was evaporated at 37 mm. Hg. The dialysis 
was continued with another 6 1. of distilled water and after 16 hours the dialysate 
was evaporated in vacuo together with the portion obtained previously to about 
500 ml., the formation of a precipitate being then observed. The concentrate 
was kept in the refrigerator overnight, the solution was then filtered and the 
residue washed twice with 25 ml. ice-cold water. Washings and filtrate were 
united and steam sterilized. The dialysate which had become dark weighed 
557 g. and was called D1. The residue was dried in a desiccator (3-7 g.). 

The second fraction D 2 was obtained by further dialysis (16 hours) of the 
autolysate against 6 1. of distilled water, followed by evaporation and separation 
of the insoluble precipitate formed. 289 g. of concentrate (D 2) and 1-20 g. (dry) 
of insoluble residue were obtained. 

Before the dialysis was continued the content of the parchment cell was 
evaporated to approximately 1-51. The united concentrates of the three 
dialysates obtained on three successive days gave the third fraction, D3 
(451 g.). 

The insoluble residue which separated out during evaporation weighed dry 
3:20 g. D 3 represents the concentrate of two other successive dialysates (486 g.). 
No precipitate was obtained during evaporation. The final fraction D 5 consists 
as in D 4 of the united concentrates of two successive dialysates; in the sterilized 
fraction D 5 weighed 523 g. 

The contents of the parchment cell were quantitatively removed and 
evaporated in vacuo to 1273 g. (for analytical data of the other fractions see 
Table XI) (total N 2-585 g., amino-N as percentage of total N, 25-0%). 

The precipitates obtained during the evaporation of D1, D2, D3 were 
powdered and mixed (8-1 g.); this residue is called P.D. 

Tyrosine content of p.p. 0-5 g. substance was dissolved in 30 ml. V/10 HCl and 
filtered from insoluble constituents (0-040 g.) and 10 g. of potassium acetate were 
dissolved in the clear yellow filtrate; tyrosine crystallized out in fine needles. 
On recrystallization from water 0-17 g. of pure tyrosine was obtained. The total 
tyrosine content of P.D. was therefore 2-45g. Deducting 2-45 g. tyrosine 
(0-190 g. N) from 8-10 g. total p.p. (1-165 g. N) there remain 5-65 g. of residue 
with 0-975 g. N, i.e. 17-39% N. Both the high nitrogen content and the formation 
of a silver salt insoluble in dilute ammonia suggest the presence of a purine com- 
pound. With regard to uropterin, a characteristic fluorescent dye isolated from 
the purine fraction of human urine by Koschara [1936] it may be of interest to 
describe the fluorescence observed in the purine fraction of P.D. 

















































In 7 N HCl aes eae violet (faint) 
0-1 N HCl ... aes no fluorescence 
pH 6 Be da yellow-green 
pH 9-10 oad aes blue-green (intense) 
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The fluorescent principle was adsorbed by frankonite from neutral solution 
and was redissolved with pyridine and hydrochloric acid. It seems to us probable 
therefore that uropterin is also present in yeast. 

Further analytical data referring to the fractions D1 to D5 are given in 
Table XI. In making the nitrogen balance of the dialysis of yeast autolysate, we 
find that out of 34-8 g. N in the original autolysate 29-3 g., i.e. 84%, have passed 
the parchment membrane. The total amount of N recovered was 31-9 g., i.e. 
91-7%. The main loss of nitrogen is probably due to loss of ammonia during 
evaporation. 


11. Activator content of the different dialysates obtained by the dialysis of 
yeast autolysate 


Influence of added asparagine. For the quantitative estimation of the activator 
content in the different fractions D 1, D 2 etc. the standard conditions as laid 
down for the definition of the activator units were used. In this connexion we 
studied for the first time the influence of additional asparagine. The amount of 
asparagine was chosen with the object of maintaining a constant nitrogen level 
for the bacterial nitrogen requirements. The quantities of asparagine used 
varied accordingly, but they remained always in the optimum range, viz. 
30-150 mg. per 40 ml. 

The results of the experiments showing the influence of increasing activator 
concentration on the fermentation velocity with and without additional 


asparagine are given in Table X. 
Table X 


a, without asparagine; 0, with additional asparagine. 


Fermentation o b a b a b a b G b 
velocity of: D1 (0-04) (0-08) (0-16) (0-32) (0-64) 
25 18-2 48 244 124 242 264 — 246 — 
D2 (0-04) (0-08) (0-16) (0-32) (0-64) 
1-6 8-7 26 12-7 46 148 11:0 186 240 25-2 
D3 (0-06) (0-16) (0-30) 
2-2 5-0 3°8 9-1 116 158 22-3 22-1 25:0 26-0 
D4 (0-30) (0-80) (1-5) (3-00) (5-00) 
1-1 5-4 76 12-8 158 200 248 248 25:8 27:1 
D5 (2-0) (4-5) (8-0) (16-0) (32-0) 
3-2 6-0 6-8 69 12-8 118 16-7 192 13:7 158 


(0-60) (1-20) 


Solid residue from (1-3 mg.) (2-6 mg.) (20-8 mg.) (39 mg.) (48 mg.) 
1-9 


D1 to D3 18 3-7 101 46 105 74 4175 103 20-7 


5% maize mash (3-0) (11-0) (21-0) 


(1-0) (6-0) 
12 22 58 13:7 104 158 17:0 169 22-4 25-2 


The figures in brackets indicate the ml. of activator solution used in the corresponding 
experiment. 


From the figures in the last column in Table X representing the amount of 
ml. which contain one activator unit (1 4.v.) we calculated, having taken into 
consideration the dry matter content (see Table XI), both the relative purity 
which we express as A.U. per g. dry matter and the total activator content of 
the individual fractions also expressed in activator units (Table XI). 

Weare nowable to compare the relative activator contents of maize and yeast. 
In this comparison we have not taken into account the activator content of 
the non-dialysable part. 1 g. fresh yeast contains 9 4.v., 1 g. dry yeast 36 A.U. 
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Table XI Insoluble 
residue 
from D1 
D1 D2 D3 D4 D5 to D3 
Total N, g. 15-00 3-94 6-67 2-01 0-52 1-165 
Amino-N % of total N 61:3 68-3 66-3 52-0 52-8 40-2 
Wt. of dry matter, g. per 33-15 15-07 16-07 4-53 1-32 _- 
100 ml. 
Total amount of A.v. 6950 5000 5650 162 237 187 
A.U, units per g. dialysate 37-7 115-0 78-1 7:3 4-7 23-6 
(dry) 


has about 26 times as much activator as 1 g. of maize which contains according 
to Table X only 1-3 a.v. 

All dialysates combined contain 17,795 a.u. per 329-7 g. of dry matter, i.e. 
54-0 a.U. average activator content per g. compared with 27 a.v. per g. in the 
dialysate of yeast autolysate which we prepared before. 

The fractions D 1, D 2 and D3 contain 99 % of the activator which passed 
through the parchment membrane. The fraction D 2 (115-0 4.v. per g. of dry 
matter) represents relatively the purest solution of activator which we have 
prepared. With fraction D5 we did not obtain the maximum fermentation 
velocity given by the other soluble fractions. On the contrary, we observed a 
decrease in the fermentation velocity with increasing amount of activator. The 
microscopical examination of the bacteria in this medium showed degeneration 
and we are led to assume the presence of an inhibiting substance in D 5 (Table X). 

The results given in Tables X and XI show that for the quantitative recovery 
of the activator free from inhibiting constituents derived from the dialysate of 
yeast autolysate it is sufficient to collect only three fractions (which consist in 
themselves of six successive dialysates). 

The influence of asparagine on the activating effect of the three main frac- 
tions D 1, D 2 and D 3 requires closer consideration. We have postulated in our 
definition of the activator unit that the real activator content appears only if 
the fermentation is carried out in the presence of asparagine. The experimental 
results in Table X show that there is a definite stimulating influence on the 
activator. It may also be seen that the influence of additional asparagine 
depends mainly on two factors: primarily on the kind of activator, since different 
solutions, D 1, D 2, D3 and maize respond differently; in the second place, the 
stimulating effect is the greatest in activator concentrations between 0-2 and 
0-8 a.u. It is small or even absent at very low and very high activator con- 
centrations. However, the fact which really justifies the inclusion of asparagine 
in the definition of the activator unit, is that only in the presence of asparagine 
are we able to compare activator solutions of different compositions, or from 
different sources. 

If the velocities obtained with D 1, D 2 and D 3 in the presence of asparagine 
(Table X) are plotted against the activator units, the graph shown in Fig. 3 is 
obtained. 

In considering the graph we compare at first the curve given in Fig. 2, which 
shows the influence of increasing amounts of activator on the fermentation 
velocity, with the corresponding curves in Fig. 3. We see that they exhibit 
qualitatively the same character, but quantitatively the curve in Fig. 2 can 
only be compared with that obtained with D 2, the latter being a little less 
steep. The maximum fermentation rate is reached simultaneously at the same 
activator concentration as in the presence of asparagine. For this reason the 
A.U. values calculated for that dialysate are still correct. 
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While generally we have to expect different curves from different activator 
solutions, it may be seen from Fig. 3 that in the presence of asparagine we are 
able to describe with a single curve the influence of the activator concentration 
on the fermentation velocity. On the other hand we may conclude that the 


Velocity ml. gas/hours 


0 
Activator units 
Fig. 3. The points o correspond to the experiments with asparagine. The points x belong to 


those without asparagine; the numbers indicate the fraction of dialysate used (e.g. x. means 
experiment without asparagine, D2 as activator). 


varying steepness of the curves obtained in the experiments without asparagine 
is caused by different contents of asparagine or some substance which acts like 
asparagine and can be replaced by it. 


12. Optimum concentration of asparagine 


It can be seen from the results of the following experiment (Table XII) that 
the range of the optimum concentration of asparagine is quite wide, viz. from 
15 to 150 mg. per 40 ml. In this connexion it is of interest to mention that the 
optimum concentration of asparagine necessary for the butyric acid fermentation 
is of the same order, viz. 60 mg. per 100 ml. [Tatum e¢ al. 1935]. 

Standard conditions as in previous experiments were employed, viz. 600 mg. 
sucrose, 500 mg. filter-pulp and 0-2 millimol of phosphate (pH 6-8); 1 ml. 5% 
maize mash inoculant served as source of activator. To experiment No. 5 no 


filter-pulp was added. 
Table XII 


Total volume, 40 ml.; £=37°. 


No. of experiment 1 
Millimol asparagine 0 
Velocity, ml./hr. 1- 


0 
7 


- . : ; ; 


6 


The apparent discrepancy between the fermentation velocity which we find 
in this experiment (4-8 ml./hr.) and that we have observed elsewhere, using the 
same experimental conditions, viz. 2-2 ml./hr. (Table X, last row, first column), 
is probably due to the fact that at low activator concentrations, small changes 
in concentration cause large changes in fermentation velocity. 


13. Other sources of activator ; activator from green plants 


We investigated the activator contents of grass, lucerne and vetch. The 
leguminous plants were of special interest as it is known that they contain a 
relatively high amount of asparagine [Abderhalden, 1911]. 
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1. Grass. Fresh grass (perennial) was finely cut, 2-0 g. were placed in 50 ml. 
round flasks containing 0-6 g. sucrose and the volume was made up to 40 ml. 
with tap water. After sterilizing, 1 ml. inoculant (strain H) was added. 

2. Lucerne. (a) 2 g. and (b) 4 g. of the finely cut fresh material were put into 
50-ml. round flasks, each containing 0-6 g. sucrose, total volume 40 ml. made 
up with tap water ; inoculant 1 ml. 24-hour culture in 5% maize mash (strain D). 

3. Vetch. The fresh material was finely cut as above. (a) 2 g. and (b) 4 g. were 
put into two 50-ml. round flasks each containing 0-6 g. sucrose, total volume 
40 ml., inoculant as in the lucerne experiment. 

4. Vetch extract. 20 ml. of chloroform were poured on to 20 g. of fresh, finely 
cut vetch, 200 ml. distilled water added and the mixture incubated at 37°. 
After 48 hours’ incubation the autolysate was filtered. The clear yellow filtrate 
including the washings (twice 50 ml. water) was evaporated on the water-bath 
and finally msde up to 50 ml. (a) 2-5, (b) 5-0, (c) 10-0 ml. of the extract corre- 
sponding to 1, 2 and 4g. of fresh vetch were filled into three 50-ml. round flasks 
each containing 0-600 g. sucrose and 0-5 g. filter-pulp, total volume 40 ml. made 
up with tap water, inoculant 1 ml. culture in 5% maize mash strain D. 

Table XIII shows the fermentation velocity observed in these experiments. 


Table XIII 
t=37°5°. 
1. Grass 2. Lucerne 3. Vetch 4. Vetch extract 
cy ae a ‘ 
No. of experiment a b a b a b c 
Fermentation velocity, 8-0 13-1 17-1 18-1 21-6 8-0 13-1 26-6 
ml./hr. 


If we compare equal weights of the fresh materials we find lucerne to be 


superior to grass and vetch to be superior to lucerne in their activating effect. 
4g. of fresh vetch (3 6) and the vetch extract of 4 g. vetch (4c) have about the 
same activator content, thus showing that the extracting procedure employed 
was exhaustive. 


14. Influence of the initial sucrose concentration on the fermentation velocity 


From the shape of a normal fermentation curve it might be anticipated that 
the fermentation velocity would be independent of the initial carbohydrate con- 
centration—at least for concentrations not exceeding 1-5°%%. A series of experi- 
ments, the results of which are given in Table XIV, confirmed this conclusion at 
saccharose concentrations between 0-37 and 10-0%. 

Six 50-ml. flasks with ‘varying amounts of sucrose and 0-4 ml. of dialysate 
from yeast autolysate as constant quantity of activator and 0-5 g. filter-pulp 
were inoculated with 1 ml. of a 24-hour culture of strain D in 5% maize mash; 
total volume 40 ml., made up with tap water; ¢, 37°. 


Table XIV 


g. of sucrose “Li 0-30 0-60 1-20 2-400 
Velocity, ml./hr. rd 18-1 18-3 17-0 17-0 
% yield of solvents caleu- 36°: 32-0 30-9 28-5 19-7* 
lated on the sugar 
* The fermentation was not completely finished. 


In these fermentations with higher sugar concentrations than 1-5 % a decrease 
in the fermentation velocity was observed when more than 400 ml. gas had been 
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produced. This inhibition may be ascribed to the fermentation products, 
especially, according to Tschekan [1935], to the butanol formed. As 400 ml, 
gas produced correspond approximately to 0-3°% butanol, we may regard this * 
concentration as the limiting concentration at which the inhibiting action of the 
fermentation products begins. By this observation we got independent evidence 
of the suitability of the standard sugar concentration, viz. 1-5% , used in this 
investigation. 


15. Adsorption of the activator. Influence of acidity on its stability 


Previous to the actual adsorption experiments it was desirable to know the 
stability of the activator in acid and alkaline media. 

(a) A mixture of 25-4 ml. of dialysate from yeast autolysate with 9-5 ml. V 
HCl brought the acidity to pH 3-45. (b) Mixture of 24-1 ml. of dialysate with 
5-6 ml. 2N NaOH gave pH 9-32 measured with the glass electrode. (a) and (6) 
were kept for 3 hours in the steamer, neutralized and the activator contents 
estimated from the rate of a standard fermentation. The amount of activator 
calculated for 1 a.v. was used. For comparison one experiment was made with 
untreated dialysate. The experiments were carried out in duplicate. No influence 
on the activator could be noticed by this treatment, the fermentation rate ob- 
served for the untreated was 25-5 ml./hr., for acid-treated (pH 3-45) 22-3 ml./hr., 
for the alkali-treated (pH 9-32) 24-8 ml./hr. 

At pH 12-4 the activator in maize mash is damaged to an appreciable extent 
when incubated at 37°. The deteriorating effect of the alkali was increased 
when the alkaline maize mash had been further heated for half-an-hour in 


boiling water (Table XV). 
Table XV 


Strain H. 


1. Normal mash 2. Maize mash 2 days 3. Like 2 but 
(“old” maize) pH 12-4 at 37° additional heating 
Velocity, ml./hr. mean 16-2 9-2 71 
value of two experiments 


The pH was adjusted to 12-4 by the addition of 8 ml. 2N NaOH to 150 ml. 
5% maize mash; for the readjustment to neutrality an equivalent amount of NV 
HCl was used. 

Adsorption experiments. As adsorbents of the activator we tried an aqueous 
suspension of Al(OH), (type B according to Willstatter & Kraut [1922]), kaolin, 
fuller’s earth and frankonite. With none of these adsorbents have we been able 
to effect a complete adsorption of the activator either from the original or from 
the diluted solution. 

Frankonite proved to be the best adsorbing agent in slightly acid solution as 
may be seen from the following experiment. 

To (1) 20 ml]. Al(OH), suspension, (2) 2 g. of kaolin, (3) 2 g. of fuller’s earth, 
(4) 2 g. of frankonite, in stoppered flasks, 16-7 ml. of an acidified mixture (pH 4-0) 
of dialysate (60 ml.) from yeast autolysate with 6 ml. N HCl were added and the 
volume made up to 30 ml. with water. The flasks were shaken for 5 min., the 
contents were centrifuged and the residual liquid, after readjustment to pH 6-0, 
tested for activator content. The amount corresponding to 1 a.v. was taken. 
The rates observed were (1) 13-4 ml./hr; (2) 21-0 ml./hr; (3) 17-1 ml./hr; (4) 128 
ml./hr; a blank experiment without absorbing agent showed a rate of 18-4 ml./hr. 

Assuming that the activator is present in an unfavourable concentration for 
the adsorbent, a 3-step adsorption of the undiluted activator solution, which was 
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adjusted to pH 3-8, was carried out. 60 ml. dialysate from autolysed yeast were 
adjusted to pH 3-8 by the addition of 7 ml. N HCl. The initial activator content 
amounted to 120 a.v. 

I. 5 ml. were taken for the test. 

II. 62 ml. of the acid dialysate (111 a.v.) were shaken with 51 g. of frankonite 
and centrifuged. 

III. 40 ml. of the residual liquid from II were shaken with 10 g. frankonite, 
centrifuged and 5 ml. kept for test. 

IV. 23-7 ml. of the residual liquid from III were again shaken with 10 g. of 
frankonite and centrifuged. 5 ml. were taken for the test. The residual liquids 
destined for the test including the one without adsorbent were adjusted to the 
original pH (6-2). The amount corresponding to 1 a.v. was used for the test 
fermentation. 

Result Dry weight of 
residual liquid 
in % 

Fermentation velocity without adsorp- 14-9 ml./hr. =0-74 a.v. 100 
tion (mean of 3 values) 

lst step adsorption (mean of 2 values) 11-6 ml./hr. =0-55 a.v. 96-8 

2nd step adsorption (mean of 2 values) 7-1 ml./hr. =0-35 a.v. 80-7 

3rd step adsorption (mean of 2 values) 7-0 ml./hr. =0-34 a.v. 60-8 


Although conditions as favourable as possible for the adsorption of the 
activator and a relatively high amount of adsorbent were used, only about 50% 
of the activator was adsorbed after two successive adsorption steps. The third 
step did not increase this value. We tried also to separate the activator adsorbed 
from the frankonite, both in the first and in the second step of the adsorption. 
The residual liquid from the frankonite which still contains an appreciable 
amount of activator was removed by washing with acidified water in the 


centrifuge and the frankonite suspended in 0-2 % disodium phosphate solution 
at 37°. No activator however was found in the solution obtained; probably on 
account of the small affinity of the activator for the frankonite, it was lost during 
the washing process. 


16. Glycine, alanine and B-alanine as nitrogen supply in the fermentation 
of sucrose 


The question whether asparagine is a specific source of nitrogen which can 
be replaced only by closely related dicarboxylic acids, e.g. glutamic acid, still 
requires investigation before a conclusive answer can be given. In this section 
we restrict ourselves to the fundamental question, viz. if the action of asparagine 
is specific, or if simple amino-acids such as glycine or alanine are able to replace 
it. The influence of f-alanine was of special interest in this connexion as 
Williams & Rohrwald [1936] described this substance as an extremely effective 
growth stimulant for yeast. 

Standard conditions were used, viz. total volume 40 ml. (tap water), substrate 
0-6 g. sucrose, inoculant 1 ml. culture (strain D) in 5% maize mash, 0-5 g. 
filter-pulp. For the experiments with glycine and alanine the inoculant added 
served also as a source of activator; in some experiments with f-alanine, 
additional activator was used in the form of the dialysate D1, as shown in 
Table XVI; t=37°. 

As indicated in Table XVI none of these substances exhibits any effect 
comparable with that of asparagine (compare these results with those given in 
Tables X and XII and Fig. 4). 


Biochem. 1937 xxx1 40 








C. WEIZMANN AND B. ROSENFELD 






Table XVI. Influence of glycine, alanine and B-alanine on the 
fermentation velocity 













Glycine millimol 1-0 _— — _ _— — = _ 
Alanine millimol — 1-0 

B-Alanine millimol — —- 10 8610 — 1 _— 1 — 
Dialysate D1, ml. a — — 001 001 004 004 0-10 0-10 
Fermentation velocity, ml./hr. 06 OO O7 O8 O8 16 %16 49 49 





17. Lactoflavin and cozymase as activator 


On account of the stability of the activator towards the action of dilute 
alkali (pH 9-3) and the difficulty of adsorbing the active principle on frankonite 
in neutral and slightly acid solution, we assumed that lactoflavin would be with- 
out any activating effect. Yet we observed occasionally the appearance of a 
yellow-green fluorescent dye (alkali-labile and therefore not identical with the 
fluorescent dye described on p. 629) in fermented maize or rice mash and also 
when we used a dialysate of yeast autolysate as activator which had been pre- 
pared from Vienna yeast. This fluorescence was not observed in the fermented 
liquid of “‘old” maize or in any of the dialysates obtained from Polish yeast. 
However, it was thought advisable to test the influence of pure lactoflavin on the 
fermentation. It was also of interest to learn if the hydrogen carrier in the 
alcoholic fermentation, viz. cozymase, is able to play a similar role in the butanol- 
acetone fermentation—alone or in combination with lactoflavin with and 
without additional asparagine. Each flask contained 0-6 g. sucrose, 1 ml. 
M/50 phosphate buffer pH 6-8 and 0-4 g. filter-pulp. In flasks Nos. 8 and 9 the 
sterile cozymase solution was added immediately before inoculating; inoculant 
1 ml. of a 24-hour culture (strain D) in 5% maize mash; total volume 40 ml. 
made up with tap water. The cozymase solution contained 100y per ml. in 
sterile water, the lactoflavin solution 60 per ml. and a 1-5 % asparagine solution 
was used. The amounts used are shown in Table XVII. 


Table XVII 


#=37". 










































No. of flask 1 2 3 f 7 8 9 

ml. asparagine sol. 5 5 5 5 — -- 5 5 5 2 2 
ml. cozymase sol. — O58 10 20 20 20 20 20 20 _— — 
ml. lactoflavin sol. = — -- _- —- 10 10 — 10 10 340 
Fermentation 18 1:8 1- 19 O07 O68 2-2 19 23 18 00 





velocity, ml./hr. 







The inhibiting effect of lactoflavin in relatively large amounts, e.g. 180y/ 
40 ml., has also been observed at concentrations of 300 and 600/40 ml. in inde- 
pendent experiments. It seems to us that the flavin acts like oxygen in these 
concentrations and prevents the formation of the necessary anaerobic conditions. 
The results in Table XVII show clearly that under the conditions employed 
lactoflavin arid cozymase have no activating effect upon the fermentation— 
either alone or combined, with or without the presence of asparagine. 














III. Discusston 


From the results of our experiments it has become evident that two main 
factors are necessary for a normal fermentation of carbohydrates by Clos. 
acetobutylicum (Weizmann): asparagine and a substance of unknown constitution 
to which we have always referred as ‘“‘the activator”. Both belong, generally 
speaking, to the organic catalysts, as in their absence the fermentation does not 
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proceed at all or at least very slowly. On account of their stability towards heat, 
dilute acid and alkali, their low molecular weight and their indifference towards 
the substrates of the fermentation which they activate they can be classified as 
coenzymes. 

The coenzymes known are characterized as substances of definite structure 
with a specific action at extremely low concentrations. 1 mol. of coenzyme may 
catalyse the transformation of an infinite number of substrate molecules, but 
in practice it gradually becomes inactive owing to some side reaction. 

A critical consideration reveals that the activator system concerned in the 
activation of the butanol-acetone fermentation does not completely correspond 
to this definition of a coenzyme, especially regarding the concentration of the 
compounds in question. Asparagine, e.g., displays its optimum action at a 
relatively high concentration, viz. 0-2 millimol per 40 ml., enough to supply the 
nitrogen requirements of the bacteria. This means that asparagine acts as a 
specific nitrogen supply if it is used up during the propagation of the bacteria. 
If however the organic residue resulting from its deamination (fumaric acid) 
remains unchanged and combines again enzymically with ammonia present in 
the medium to give asparagine or aspartic acid, then they behave like specific 
nitrogen carriers. Quastel & Woolf [1926] have brought forward experimental 
evidence that aspartic acid may function biologically as a nitrogen carrier. 
Although it has not yet been proved, we strongly believe that these compounds 
play a similar role in the metabolism of Clos. acetobutylicum. The amount of 
dry matter which is required from the “‘activator” in order to produce maximum 
fermentation velocity, viz. 8-7 mg.=1 a.U. in the case of our preparation D 2, 
cannot yet be quoted as an argument against our assumption that the activator 
is a coenzyme, as the purification of the activator has not been carried very far. 
The fact that the activator is not used up during the fermentation but remains at 
a fairly high concentration in the fermented liquid (spent wash) supports strongly 
the assumption of the coenzymic nature of the activator. 

We cannot decide from our experimental results whether the “‘activator” is a 
single substance or not. The sudden fall of the asparagine curve in Fig. 4, 
below 0-2 a.v. may possibly be explained by the assumption that the amount of 
an essential compound has been diminished below a certain critical concentration, 
at which the influence of this compound on the fermentation velocity is a different 
one, although we may assume with the same right that 0-2 a.v. is a “critical” 
activator concentration for the case of the activator being a single substance. 

Furthermore we have shown in our experiments that it is possible to adsorb 
26% of a given amount of activator on frankonite at pH 3-8 while the bulk of 
dry matter (97%) remained in solution. In our adsorption experiments, the 
difficulty of adsorbing a low-molecular substance was further increased by the 
fact that the dialysates which we used were lacking in high-molecular co- 
adsorbents, in the presence of which adsorption takes place much more easily. 

The fermentation system does not necessarily require highly complex protein, 
such as peptone and zein, for nutritive and activating purposes as Weinstein & 
Rettger concluded from their experimental results. We found that the bacteria 
are able to synthesize their own protein from low-molecular sources in presence 
of the complete activator system which by itself is constituted of low-molecular 
substances. The power of the bacterial enzymes to synthesize protein is in fact 
just as remarkable as their known proteolytic activity. We found regularly a 
decrease of amino-N from 60 to 30 % of the total N, which may well be compared 
with the increase of the ratio amino-N to total N from a negligible value in 
maize to 31-5% in spent wash. This ratio of amino-N/total N seems to be the 

40—2 
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most suitable for the bacteria as it is reached independently of the nature of the 
nitrogenous starting material. 

In connexion with the dual activator system, activator + asparagine, which, 
as we believe, exists in the propionic acid fermentation, in the butanol-acetone 
fermentation and also, though not definitely proved, in the fermentation of 
carbohydrates with butyric acid bacteria, we find it not out of place to emphasize 
that the optimum asparagine concentration is the same for all three types of 
fermentation. Glycine and alanine proved to be equally unable to replace 
asparagine. 

Now the question arises: In what manner is the nitrogen carrier, viz. aspara- 
gine, linked with the activator? Let us consider two principal possibilities: 

1. The activator acts like biotin, it stimulates the propagation of the 
bacteria. Asparagine promotes the propagation by providing an efficient 
nitrogen supply. 

The concentration of enzymes available for the fermentation of carbohydrates 
increases proportionally to the number of bacteria thus causing a more vigorous 
fermentation than without the activating system. 

2. The activator is an auxiliary substance for the enzyme system of the 
bacteria, it facilitates especially the hydrogen transfer either from the substrate 
or from the enzyme to butyric, or possibly to B-hydroxybutyric, acid. 

The crude activator solutions contain also a growth-promoting factor which 
in combination with asparagine as nitrogen carrier limits the propagation of the 
bacteria and therewith the enzyme concentration available. 

The first possibility based on a few natural suppositions does not explain the 
fact that, despite the satisfactory growth observed at low activator concentra- 
tions, the yield of solvents may be low, especially in the presence of chalk, 
while at higher activator concentration the trapping effect of added neutralizing 
agents does not influence the yield of solvents. Therefore the second possibility 
deserves to be considered although it is more complicated and involves more 
suppositions. 

Concerning the influence of asparagine it may be added that the organic 
skeleton of this nitrogen carrier may also play a role in the oxidation-reduction 
system of the fermentation. According to the structural relationship the role 
played by asparagine may be similar to that of fumarate in the respiration of 
muscle and other tissues [Szent-Gyérgyi, 1935]. 


SUMMARY 


1. Both the yield and the fermentation velocity of a 2-5% maize mash 
inoculated with Clos. acetobutylicum (Weizmann) form the basis of the definition 
of a normal butanol-acetone fermentation. 

2. At least two compounds are required for a normal butanol-acetone fer- 
mentation in synthetic media, viz. asparagine and a substance of still unknown 
constitution. These two compounds are separately without any action. 

3. The “activator” is a low-molecular thermostable substance, which occurs 
in green plants and seeds. Yeast is a rich source of activator, and the preparation 
of an activator solution therefrom by autolysis and dialysis has been described. 

4. With an activator preparation from yeast we have been able for the first 
time to effect a normal butanol-acetone fermentation in a medium which, 
except for the activator, was strictly synthetic. 

5. Concerning the distribution of the activator in maize we were unable to 
confirm the experimental results of Weinstein & Rettger [1933] who found that 
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the activator is contained in the zein of the maize. We have shown that zein 
contains only a small fraction of the total activator content in maize. 

6. No highly complex proteins are required such as peptone or prolamins 
for a normal butanol-acetone fermentation. The bacteria are able to synthesize 
their own protein. 

7. Lactoflavin and cozymase have no essential influence on the butanol- 
acetone fermentation either alone or in combination. 
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In Part II of this series [Haworth et al. 1935, 1] the isolation of a new polysac- 
charide, varianose, from cultures of Penicillium varians G. Smith was described. 
The structure of this polysaccharide, which consists mainly of galactopyranose 
residues, was determined. In the above publication it was mentioned that 
another polysaccharide containing only galactofuranose units had been prepared 
from cultures of Penicillium Charlesii G. Smith. The present communication 
describes the investigation of the molecular structure of this polysaccharide to 
which has been given the name galactocarolose [Clutterbuck et al. 1934]. This 
substance is a white, amorphous, hygroscopic powder, very soluble in water, 
[%]57s0 —84°, giving a neutral solution which slightly reduces Fehling’s solution 
on boiling. Fractional precipitation of galactocarolose with alcohol from cold 
N/10 HCl solution removed much ash and there appeared to be no evidence that 
the polysaccharide was other than homogeneous. It was readily hydrolysed by 
NV/100 HCl at 100° and gave only d-galactose. It formed an acetate, [%];259 — 63° 
(in chloroform), and a methylated derivative, [«];729 — 84° (in chloroform), both 
of which were soluble in most organic solvents and were shown to be essentially 
homogeneous. 

The mean iodine number of galactocarolose was 13-0, a value which corre- 
sponds to mol. wt. 1538 and to a chain length of 9-10 galactose units. The same 
value was obtained by direct estimation of the end group of methylated galacto- 
carolose, 12-4 %, of tetramethyl methylgalactoside being obtained which amount 
corresponds to a minimum chain length of 9-10 galactose units. Calculation of 
the mol. wt. from viscosity measurements of the acetyl and methyl derivatives 
of galactocarolose by applying the original Staudinger factor for cellulose gave 
values which are twice the above. No evidence is available to show whether this 
Staudinger factor can be applied to polygalactose units. 

Methylated galactocarolose was hydrolysed with methyl alcoholic HCl to 
give directly a mixture of methylated galactosides which on fractional distil- 
lation in high vacuum gave 12-4% of tetramethyl methylgalactoside, 80% 
(approx.) of trimethyl methylgalactoside and a small amount of residual gum. 
The tetramethyl methylgalactoside, [«]?\,—67° (in H,O), was identified as 
2:3:5:6-tetramethyl methylgalactofuranoside (I) in the following manner. It was 
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hydrolysed to 2:3:5:6-tetramethyl galactofuranose, [«]2°, 23°, and the product 
oxidized to the liquid 2:3:5:6-tetramethy] galactofuranolactone (II), [a], —33°, 
changing to — 26° in 3 days in H,O [cf. Haworth e¢ al. 1924]. This lactone was 
characterized by formation of its crystalline amide, m.P. 155°, identical with an 
authentic specimen [cf. Humphreys ef al. 1931]. 

The trimethyl methylgalactoside was readily identified as 2:3:6-trimethyl 
methylgalactoside since on hydrolysis it gave mainly 2:3:6-trimethyl galacto- 
pyranose [«]%*,+87°, which on oxidation gave in excellent yield crystalline 
2:3:6-trimethyl galactofuranolactone (III) the latter being identical with an 
authentic specimen [Haworth e¢ al. 1932; Haworth et al. 1935, 1]. 

The identification of 2:3:6-trimethyl galactose as the main hydrolysis product 
of methylated galactocarolose allows of two alternatives for the mutual linkage of 
the galactose residues in the polysaccharide. Inasmuch as galactocarolose is 
hydrolysed completely to galactose by N/100 HCl at 100°, and since a galacto- 
furanose unit constitutes the non-reducing terminal residue in the chain, the 
polysaccharide appears to exist as a chain of 9-10 galactofuranose units mutually 
linked through the 1:5 positions. On rotational evidence the stereochemical 


form is probably that of B-galactose. 





0 
H 
OMe 4H 0 
H-C-O 
H MeO 
CH20Me Il 





CH20Me 


CH20Me 
H 


MeO 





CHp0Me 
SY 

Yields 12-4 % of Yields 80 % (approx.) of 2:3:6-trimethyl 
2:3:5:6-tetramethyl galactose and methyl alcohol 

galactofuranose 


EXPERIMENTAL 


Properties of galactocarolose. Galactocarolose was isolated in the manner 
previously described [Clutterbuck et al. 1934]. It was a white powder, insoluble 
in organic solvents, very soluble in water and extremely hygroscopic, reverting 
in a few days to a gum when exposed to moist air. Its colourless aqueous solution 
was neutral to litmus and reduced Fehling’s solution slightly on boiling. The ash 
content was removed by precipitation of galactocarolose from cold N/10 HCl by 
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the slow addition of alcohol and by electrodialysis during 12 hours. (Found: 
C, 44-2; H, 6-2%. (CsH,0;), requires C, 44-4; H, 6-2%. [a]52g9—84° (c, 1-1). 
Mean iodine number 13-0 corresponding to a chain of 9-10 units of 
galactose.) 

Galactocarolose was stable in boiling aqueous solution but was readily 
hydrolysed by NV/100 HCl at 100° giving crystalline d-galactose in 90 % yield. No 
mannocarolose and no sugar other than galactose could be detected in the pro- 
ducts of hydrolysis. The yield of mucic acid from galactocarolose was the same as 
that obtained from d-galactose (80% of theoretical). 

Galactocarolose acetate. The acetate [Clutterbuck e¢ al. 1934] was a white 
powder, very soluble in chloroform, acetone and pyridine, slightly soluble in 
methyl and ethyl] alcohols and insoluble in water and light petroleum. (Found: 
C, 50-3; H, 5-4; OAc, 44.4%. C,H,0,(OCOCH;), requires C, 50-0; H, 5-6; OAc, 
44-8 %,.) The acetate was separated into several fractions by the gradual addition 
of petroleum to a 15 % solution in chloroform. Each fraction showed [«];75) —63° 
in chloroform, and gave the viscosity value 7,,=0-25, corresponding to mol. wt. 
of 4820 and to a chain of 17-18 units. 

Deacetylation of galactocarolose acetate in acetone solution by NV/10 alkali 
gave a hygroscopic product which was dissolved in water. Addition of cold 
N HCl and alcohol gave a white powder identical in properties, [«]?;,—83° in 
water (c, 0-73), with the original galactocarolose. 

Methylation of galactocarolose. Galactocarolose, in lots of 10 g., was dissolved 
in water (30 ml.) and methylated in the presence of acetone (100 ml.) by very 
gradual and simultaneous additions of 30 °% NaOH (240 ml.) and methyl sulphate 
(80 ml.) over a period of 2 hours at 35-40°. The temperature was then main- 
tained at 80° until the acetone was removed. The methylated product was dis- 
persed throughout the hot yellow solution as a flocculent precipitate, which 
redissolved on cooling. The chloroform extract was evaporated and subsequent 
trituration of the residue with light petroleum gave a white powder. Yield, 
11-3 g. OMe, 42-4%. Two similar methylation treatments raised the methoxyl 
value to 43-2 %. This incompletely methylated galactocarolose was dissolved in 
methyl] iodide (100 ml.) and methylated by the gradual addition of silver oxide 
(10 g.). The product was extracted with chloroform, the solution dried over 
anhydrous magnesium sulphate and concentrated. The residual gum was dried 
in a desiccator over H,SO, and gave a pale yellow powder. Yield, 11-3. 
(Found: OMe, 44-6%. [«].,—84-8° in CHCl, (c, 1-3).) 

The methylated galactocarolose (25 g.) was separated into 3 fractions by the 
gradual addition of light petroleum to a 6 % solution in chloroform. Each fraction 
showed identical properties: OMe= 44-5 % ; [a] 33, — 82° (c, 1-3) (methyl alcohol); 
Nsp (calculated by the Staudinger factor) =0-22 corresponding to mol. wt. 3768 
and to a chain of 18-19 units. This value is about twice that obtained by the 
iodine number and by end group assay of the tetramethyl galactose. It was 
concluded that methylated galactocarolose is essentially homogeneous. (Found: 
C, 52-7; H, 7-3%. (C,H,,0;), requires C, 52-9; H, 7-9%.) 

Hydrolysis of methylated galactocarolose with methyl alcoholic HCl. Hydrolysis 
of methylated galactocarolose (14-8 g.) was carried out with 3% methyl alco- 
holic HCl by boiling gently under a reflux; (c, 1-3), [«];739—82° (initial), —49° 
(20 min.), —26° (70 min.), —13° (150 min.), —4° (210 min., constant value). 
The product was isolated in the usual way after neutralisation with silver 
carbonate and extraction with chloroform. It was a colourless mobile syrup 
(14-7 g.) and was non-reducing showing that simultaneous hydrolysis and glyco- 
side formation had taken place. This material was fractionally distilled by the 
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method described by Haworth & Machemer [1932] and the following fractions 
were finally isolated : 


Bath temperature Yield OMe 

Fraction 0-05 mm. g. % 
I 118-120° 0-55 ny, 14415 61-2 

II 118-120° 0-95 »» 1-4415 61-0 
III 120-123° 0-22 n*, 1-4428 59-0 
IV 120-126° 11-65 », 14490 51-6 
V 130-135° 0-51 »» 1-4520 50-0 


Fractions I and II were identical and gave: C, 52-4; H, 8-8; OMe, 61:0%. 
C,,H,.0, requires C, 52-8; H, 8-8; OMe, 62-0 %. This material, as indicated below, 
was identified as 2:3:5:6-tetramethyl methylgalactofuranoside, and showed 
[a] 2", —67-0° (c, 1-33 in water). 

Fractions I and II were hydrolysed by heating at 100° with 0-12 N HCl and 
the specific rotation fell to —14° after 6 hours. Neutralisation of this solution 
with barium carbonate, filtration and concentration under diminished pressure 
gave, on extraction with chloroform, a colourless liquid distilling at a bath 
temperature of 110°/0-05 mm.; n> 1-4488; OMe, 506%. (C,H,0,(OMe), 
requires OMe, 52-5%.) This reduced Fehling’s solution and was identified as 
tetramethyl galactofuranose by the following behaviour [Haworth ef al. 1924; 
Haworth & D. I. Jones unpublished]. Its yield from the galactoside was almost 
quantitative and confirmed the homogeneous character of fractions I and IT. 

Oxidation of 2:3:5:6-tetramethyl galactofuranose. The above syrup (0-8 g.) was 
dissolved in 20 ml. of water and oxidized with bromine (2 ml.) at 40° for 40 hours. 
The lactone was isolated in the usual manner (0-7 g.). It was a colouriess liquid, 

n> 1-4500; [x] 3,,—33°, —26° (constant value) in 3 days. 

Analysis and identification of 2:3:5:6-tetramethyl galactonamide. 0-5 g. of the 
above tetramethyl galactonolactone was dissolved in 5 ml. of methyl alcoholic 
ammonia and kept at 15° for 2 days. On removal of the solvent a solid mass of 
crystals was deposited (0-5 g.). The compound was recrystallized from acetone/ 
ether and had m.p. and mixed M.P. with 2:3:5:6-tetramethyl galactonamide 155°. 
[a]; +7° in acetone (c, 0-96) [Humphreys et al. 1931]. (Found: C, 47-7; H, 8-5; 
N, 5-4; OMe, 48-8 %. C,,H,,O,N requires C, 47-8; H, 8-6; N, 5-6; OMe, 49-4%.) 

The isolation of this compound characterizes the non-reducing terminal unit 
in galactocarolose as galactofuranose. The estimated amount of tetramethyl 
methylgalactofuranoside in fraction III was 0-17 g., and the total amount of 
tetramethyl methylgalactofuranoside from fractions I, II and III was 1-67 g. 
To this must be added a 10% correction for experimental losses [Haworth & 
Machemer, 1932]. Thus the maximum amount from 14-8 g. of methylated 
galactocarolose was 12-4 % corresponding to a chain of 9-10 units. 

Analysis and identification of 2:3:6-trimethyl methylgalactoside. Fraction IV 
had the following analysis. Found: C, 50-7; H, 8-2; OMe, 52-4%. Trimethyl 
methylgalactoside C,H,0,(OMe), requires C, 50-9; H, 8-5; OMe, 525%. On 

hydrolysis with N HCl at 100° (c, 0-9) it showed the following polarimetric 
changes: [«]3., +5-1° (initial); + 26° (15 min.); +67° (45 min.); +87° (90 min.) 
constant value. Thereafter 8 g. of the galactoside from fraction IV were hydro- 
lysed and 7-8 g. of liquid 2:3:6-trimethyl galactose having nF = 1-4620; [a] 7) + 87° 
in water were collected. On further methylation followed by hydrolysis and 
anilide formation, tetramethylgalactopyranose anilide, M.P. 186°, was isolated in 
50% yield. 

Oxidation of 2:3:6-trimethyl galactose. The 2:3:6-trimethy] galactose (4 g.) was 
oxidized in the usual manner with bromine water at 40°. The product was 
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2:3:6-trimethyl galactofuranolactone (3-6 g.). (Found: C, 49-3; H, 7-4; OMe, 
42-1%. C,H,,0, requires C, 49-1; H, 7-3; OMe, 42-3 %. M.p. and mixed m.p. 101°, 
[a] x) —30-6° (c, 1-4) in CHCl,.) It formed an amide identical with an authentic 
specimen, M.P. 135°. Its constitution has been fully determined [Haworth et al. 
1932; Haworth et al. 1935, 1). 

Examination of the still residue. The total still residues were combined (1-1 g., 
n>, , 1-4640) and distilled. A fraction, 0-51 g., distilled at bath temperature 
130-135°/0-06 mm. as a pale yellow liquid, n>’, 1-4520; OMe, 50-0% and was 
mainly trimethyl methylgalactoside. 

Methylation of a mixture of galactocarolose and mannocarolose. In an earlier 
paper of this series [Haworth et al. 1935, 2] the occurrence of galactocarolose 
along with mannocarolose is described and the mode of separation is somewhat 
tedious. A rapid method for isolating their methylated hydrolytic products 
has been devised. This takes advantage of the greater stability of methylated 
mannocarolose towards 2° methyl alcoholic HCl. A sample (5 g.) of poly- 
saccharide mixture, [«];,,—70° (containing about 10% of mannocarolose), was 
methylated in the manner described. The product was a yellow powder, OMe, 
44-0 %, [x], —69-7° in CHCl, (c, 1-3). Yield (5-5 g.). 

This powder (5 g.) was dissolved in 500 ml. of 2% methyl alcoholic HCl and 
boiled under a reflux for 5 hours. The solution was neutralized with Ag,CO,, 
filtered, concentrated under diminished pressure and the product extracted with 
chloroform. Removal of the chloroform left a colourless viscid liquid (5 g.), 
[x]: +59-6°. Extraction of this liquid with light petroleum (40-60°) left an 
insoluble residue (0-48 g.) which dried in a vacuum desiccator to a yellow powder, 
[a], + 100° in CHCl, (c, 1-7). This was methylated mannocarolose since it gave 
on hydrolysis with fuming HCl crystalline 2:3:4-trimethyl mannose which was 
identical with an authentic specimen. 

The petroleum extracts were concentrated and the residual liquid (4-1 g.) 
distilled under diminished pressure at 130-145°/0-05 mm. giving a mixture of 
tetra- and tri-methyl methylgalactosides. [«]#,,+7° in CHCl, (c, 1-3). 































SUMMARY 





The molecular structure of galactocarolose, a polysaccharide synthesized 
from glucose by Penicillium Charlesii G. Smith, has been investigated. On mild 
acid hydrolysis galactocarolose readily gives d-galactose as the sole product. 

Galactocarolose forms a methyl] derivative which, on treatment with methyl 
alcoholic HCl, gives a mixture of 12-4 % of 2:3:5:6-tetramethyl methylgalacto- 
furanoside and approximately 80% of 2:3:6-trimethyl methylgalactoside. 

Molecular weight determinations of galactocarolose and its derivatives 
show that it has a minimum chain length of 9-10 units of f-galactofuranose 
mutually linked through the 1:5-positions. 
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In this paper experiments are described which show that ketonic acids can react 
in animal tissues according to the general scheme 






R.CO.COOH + R’.CO.COOH +H,0—R.COOH +CO, + Rk’. CH(OH).COOH ...... (1) 
a-ketonic a-ketonic carboxylic a-hydroxy-acid 
acid I acid II acid 





or 
R.CO.COOH + R’.CO.CH,.COOH +H,0->R.COOH +CO, + R’. CH(OH).CH,.COOH 
w-e(2) 





a-ketonic B-ketonic acid carboxylic B-hydroxy-acid - 
acid acid 











Examples are given in which «-ketonic acid I as well as «-ketonic acid IT in (1) 
are represented by pyruvic acid. In other cases the «-ketonic acid in (2) is 
pyruvic acid or «-ketoglutaric acid and the B-ketonic acid in (2) acetoacetic or 
oxaloacetic acid. 

The reactions 1 and 2 elucidate a mechanism by which «-ketonic acids are 
broken down in the animal body. Although it has long been known, from the 
work of Embden, that «-ketonic acids undergo oxidation to the fatty acids 
which are shorter by one carbon atom, the question of the mechanism of this 
oxidation remained open. According to (1) and (2) the oxidation of «-ketonic 
acids is not brought about by molecular oxygen, but by a dismutation, that is to 
say by an intermolecular oxido-reduction. The oxidizing agent for the ketonic 
acid is a second molecule of ketonic acid which is reduced to the corresponding 
hydroxy-acid. 

The reactions (1) and (2) appear to play a role in the course of the normal 
oxidative breakdown of carbohydrates, of fats and of the carbon skeleton of 
amino-acids. This will be discussed in full in subsequent papers. 





















I. GENERAL EXPERIMENTAL METHODS 





1. Determination of «-ketonic acids 





(a) Carboxylase method. Pyruvic acid was usually determined by the car- 
boxylase method [Warburg et al. 1930; Westerkamp, 1933]. Freshly pressed 
top yeast obtained from a local brewery was spread over filter-paper and dried 
at room temperature with the aid of a fan. The dried yeast, treated according to 
the directions of Westerkamp, yielded a powerful carboxylase. The addition of 
1/5 vol. of 90 % glycerol stabilized the enzyme for about one week at 0° [see von 
Schoenebeck, 1935]. It is essential that the yeast used should be fresh and 
quickly dried [Wiilfert, 1936]. 

(6) Ceric sulphate method. An alternative method applicable to other «-ketonic 
acids is based on the reaction 

R.CO.COOH + 2Ce’*** +H,0->R.COOH +CO, +2Ce’** +2H" 
( 645 ) 
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[Fromageot & Desnuelle, 1935]. The carbon dioxide formed is measured mano- 
metrically in the usual way. 

The solution to be examined is acidified with 0-2 vol. of 1 : 1 aqueous H,SQ,. 
The side-bulb of the cup is filled with 0-6 ml. of a saturated solution of ceric 
sulphate in 10N H,SO,. Sufficient ceric sulphate must be used to leave a yellow 
colour when the reaction is finished. The method is less specific than is the car- 
boxylase method, since besides «-ketonic acids lactic, malic, acetoacetic and 
malonic acids may also yield CO,. However, lactic and malic acids interfere only 
if present in relatively high concentration (above M/100) and this was not the 
case in our experiments. In the presence of malonic and acetoacetic acids the 
method is not applicable. Substances forming insoluble salts with ceric ions may 
also interfere, e.g. phosphate. Proteins or tissue extracts may complicate the 
determination by undergoing autoxidation in the presence of ceric ions. This 
reaction can be excluded by filling the manometric flasks with nitrogen. 

An advantage of this method as compared with the carboxylase method is its 
applicability to those ketonic acids which are not readily split by carboxylase, 
(«-ketoglutaric acid, methylethylpyruvic acid). 


2. Tissue material 


The tissue slice technique was used in the ordinary way. Muscle tissue was 
minced according to Szent-Gyérgyi’s directions and suspended in 3 vol. of saline. 
The saline, usually 3 ml. per flask, contained 0-025 UZ NaHCO, and was saturated 
with 5% CO, unless stated otherwise. The temperature was 39-40°. Anaerobic 
conditions were obtained by placing yellow phosphorus in the centre chamber of 
the manometric flask, or by passing the gas mixture over heated copper. Rat 
tissues were used in most experiments. 


3. Metabolic quotients 


The rates of the metabolic changes are, as usual, expressed by quotients of the 


general formula 
& Metabolite 


© metabotite = ing. tissue x hours ? 
WhETE ZX serapo1ire (the change in the quantity of the metabolite) is expressed in 


pl. gas. 

While the quotients are frequently constant for a period of 1 or 2 hours there 
is a rapid falling off in some reactions described in this paper (see e.g. Table V). 
It is essential in such cases to state the period for which the quotients are calcu- 
lated. 


II. FatE OF PYRUVIC ACID IN ANIMAL TISSUES UNDER ANAEROBIC CONDITIONS 


In this section evidence for the reaction 


2 pyruvic acid + H,O—acetic acid + CO, +lactic acid 


will be presented. It contains data concerning (1) the consumption of pyruvic 
acid, (2) the production of lactic acid, (3) the production of carbon dioxide, 
(4) the production of acetic acid. Furthermore, data concerning the formation 
of succinic and f-hydroxybutyric acids are presented. These two substances 
also arise anaerobically in the presence of pyruvic acid, probably by secondary 
reactions which follow reaction (3) under our experimental conditions. 
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1. Consumption of pyruvic acid 


It is well known that animal tissues are capable of metabolizing pyruvic acid, 
and two different mechanisms have been described whereby pyruvic acid can be 
removed: (1) oxidation in the presence of molecular oxygen, (2) reduction to 
lactic acid in the presence of certain hydrogen donators formed in the normal 
course of glycolysis (hexosediphosphate or triosephosphate). 

In Table I data are recorded which demonstrate the rate at which pyruvic 
acid is removed anaerobically in various tissues. The highest rate is observed in 
testis; brain, liver, kidney follow next; the other tissues give smaller, but still 
significant figures. 


Table I. Anaerobic disappearance of pyruvic acid in animal tissues 


Amount of pyruvate 
in the solution (ul.) Amount of Duration of 
—_— pyruvate experiment 
Tissue mg. Initial Final used (l.) (min.) Q pyruvate 
Liver (rat) 27-35 448 244 204 120 — 3-74 
= 16-68 466 249 217 90 —8-77 
nt 27-22 682 372 310 60 —11-4 
Liver (pigeon) 17-87 530 254 276 140 — 6-58 
Brain (rat) 14-15 448 276 172 120 — 6-08 
10-43 466 364 102 90 — 6-52 
12-00 489 351 138 120 — 5-72 
9-95 466 326 140 120 — 7-04 
Kidney (rat) 7-27 448 330 118 120 —8-1 
” 7-98 466 416 50 90 —4-17 
Spleen (rat) 16-20 448 360 88 120 —2-72 
= 16-37 466 432 34 90 — 1-39 
Testis (rat) 9-20 466 312 154 90 —11-2 
11-20 489 292 197 120 — 8-80 
16-63 555 293 262 120 — 7-88 
Pancreas (rat) 27-78 466 382 84 — 2-02 
Diaphragm (rat) 20-29 466 397 69 — 2-27 
Submaxillary 14-60 466 428 38 —1-73 
gland (rat) 
Intestinal 44-53 488 262 226 é — 2-54 
wall (rat) 
Jensen rat 19-15 522 414 108 — 4-23 
sarcoma 


’ 


In some tissues, such as brain or testis, the anaerobic disappearance of 
pyruvic acid is almost as high as the aerobic disappearance as shown in Table IT. 


Table II. Disappearance of pyruvic acid in the absence and in the 
presence of oxygen 


Tissue hie Q ~ 

Brain (rat) — 9-28 — 7-04 

” — 8-32 — 6-08 

Liver (rat) —8-75 —3-74 

— 8-54 —5:13 

os — 7-54 
Kidney (rat) ° -8-1 
— 6-6 


-2-72 


” 


Spleen (rat) 
Intestinal wall (rat) 2- — 2-09 
Testis (rat) “3 —10-1 

Jensen sarcoma , — 4-23 
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2. Formation of lactic acid from pyruvic acid 


Reduction of pyruvic acid to lactic acid has been described by many authors, 
[e.g. Mayer, 1912; Embden & Oppenheimer, 1913; Khouvine e al. 1930; 
Haarmann, 1932; Elliott e¢ al. 1935; Lawson, 1936], and according to the current 
view on glycolysis pyruvic acid is the immediate precursor of lactic acid. The 
reductant in the process is assumed to be some intermediate formed during 
glycolysis such as hexosediphosphate or a triosephosphate. 

We find, however, that reduction of pyruvic acid occurs in tissues which 
contain very little or no carbohydrate, for instance in testis or brain. If these 
tissues are kept anaerobically in saline for 20-40 min. practically the whole of the 
stored carbohydrate has been glycolysed ; yet pyruvic acid is still rapidly reduced. 

Table III shows experiments in which the amount of pyruvic acid which 
disappeared was compared with the amount of lactic acid formed. Rat testis 
was used in the first instance (Table III) since the blank lactic acid formation in 
this tissue is small owing to the lack of stored carbohydrate. The tissue was 


Table III. Formation of lactic acid from pyruvic acid in rat testis 
(Determination of lactic acid by the method of Friedemann & Graeser [1933].) 


Amount of lactic 
acid (l.) 
> 
Dry Volume Amount of pyruvic acid Increase 
weight of of Duration (ul.) in medium due to r A 
testes medium ofexp. ———*—————_,, pyruvic lactic acid formed 
(mg.) (ml.) (min.) Initial Final Change Total acid pyruvic acid used 
60 12 180 0 0 0 83 — 0-52 
60 12 180 2710 1072 -1638 974 851 = 
70 12 180 0 0 — 135 — 
70 12 180 2700 Not de- — 1145 1010 
termined 
62 30 120 0 0 0 122 _ 
62 30 120 6690 4500 -2190 1085 963 
107 25 120 0 0 245 — 
107 25 120 4830 2 — 2780 1730 1485 
126 140 0 0 94 —_— 
126 140 1390 2 —1140 24 730 
129 140 0 0 201 —_— 
129 140 1905 5 -—1853 1110 910 


Ratio: 


Table IV. Reduction of pyruvic acid in various tissues 
(Initial concentration of pyruvic acid M/50.) 


Extra CO, formed Extra lactic acid 
(pl.) formed (yl.) 
Pyruvate ——on ———_ 
used by In % of In % of 
Duration _ tissue pyruvate pyruvate 
Tissue (min.) (ul.) Total used Total used 


Brain (guinea-pig) 110 943 320 34 389 41 
Kidney (guinea-pig) 160 622 242 39 228 37 
Kidney (rat) 160 680 251 37 293 43 
Intestine (rat) 160 1088 651 60 377 35 
Liver (rat) . 80 352 323 92 484 137 
Liver (pigeon) 100 944 596 63 710 75 
Lung (rat) 160 750 354 47 493 66 
Liver (rat) 150 705 646 92 803 114 
Muscle (pigeon) 205 11400 4880 43 4780 42 

*° 190 17850 10280 58 6930 39 
Heart (pig) 265 1350 347 26 840 62 
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shaken in saline containing pyruvate and after 2 hours’ anaerobiosis, lactic and 
pyruvic acids were determined in aliquot parts of the solution. Two testes from 
one animal were used for each experiment, one testis serving as control. The ratio 
ipetio acid formed lies between 0-44 and 0-64; the yield of lactic acid is thus about 
pyruvic acid used q 

50% of the pyruvic acid, as would be expected from equation (3). 

In Table IV experiments with other tissues are recorded and it will be seen 
that brain, kidney, lung, muscle and intestine all convert a similar proportion of 
pyruvic acid (about 40%) into lactic acid. Elliott e al. [1935] give data for 
kidney and transplantable tumour which agree well with our results. In liver 
there is a higher yield of lactic acid. In this tissue reaction (3) is not the chief 
metabolic reaction induced by pyruvic acid; pyruvic acid in liver “‘activates”’ 
glycolysis, a reaction discussed in the following paragraph. 


3. Formation of carbon dioxide from pyruvic acid 


Mendel ef al. [1931], using Warburg’s manometric technique, studied the 
influence of pyruvic acid on lactic acid production in tissues and found that 
under certain conditions it increased the rate of lactic acid production from 
glucose. Rosenthal [1932] and Dickens & Greville [1933] confirmed Mendel’s 
results. The effect is brought about by small concentrations (10-*V or less) of 
pyruvic acid and is probably connected with the role which pyruvic acid plays as 
intermediate in the anaerobic breakdown of carbohydrates. This is formulated by 
Meyerhof & Kiessling [1935] as: 


Hexosediphosphate + 2 pyruvic acid =2 phosphoglyceric acid + 2 lactic acid 


If conditions are such that the limiting factor for lactic acid formation is the 
amount of pyruvic acid present, pyruvic acid acts as an “activator” of lactic 
acid production. 

The increased CO, output observed on adding pyruvic acid is, however, by 
no means always due to this effect. In some tissues and under certain conditions 
(absence of glucose, high concentration of pyruvic acid) the increased CO, output 
is chiefly due to reaction (3). In Table V some observations are recorded which 


Table V. Increase of anaerobic CO2 production by pyruvic acid in animal tissues 


(1/50 pyruvate.) 
Qco, 
with 
Tissue pyruvate 


Liver (rat) (first 40 min.) +8: 13-4 
Liver (rat) (second 40 min.) 5 3-14 
Liver (cat) (first 40 min.) 5: 7-62 
Liver (cat) (second 40 min.) 3-39 
Liver (pigeon) (first 40 min.) 
Liver (pigeon) (second 40 min.) 
Kidney (rat) 


wm C1 


Kidney (guinea-pig) 
Brain cortex (rat) 
Brain cortex (pigeon) 
Intestine (rat) 

Testis (rat) 


” 
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POSDhODEHOHAON 
WSOP CrO Orb OL & 


Sor 


ow 


Breast muscle (pigeon) (first 40 min.) 
Heart (sheep) (first 40 min.) 

Lung (rat) 

Testis (guinea-pig) 
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show that there is a very marked increase in CO, formation in all tissues including 
those which have no significant store of carbohydrate. Similar data have been 
given previously for kidney by Elliott et al. [1935], but these authors did not 
ascertain whether the increased CO, formation was due to Mendel’s “activation” 
of glycolysis or to other processes. 

From the data presented in Table V it cannot be decided whether the in- 
creased CO, output is due to increased acid formation or to formation of CO, from 
pyruvic acid. This question can be settled by measuring the bicarbonate content 
of the solution at the beginning and at the end of the experiment. If the CO, 
output is derived from the bicarbonate, an equivalent decrease in bicarbonate 
would be expected. The following experiments show that the increased output of 
CO, is not accompanied by a fall in bicarbonate. The extra CO, must thus be due 
to a decomposition of the added pyruvate. 

In order to make the measurement of the bicarbonate concentration accurate, 
comparatively low concentrations of bicarbonate must be used. The concentra- 
tion used was about M/200 and the CO, pressure in the gas mixture was corre- 
spondingly low (1%) so that pH was physiological (7-4). Four cups with side- 
arms were used for one experiment and they were filled in the following way: 


1 2 3 4 


Main part 2 ml. saline; no 2 ml. saline; 2 ml. saline con- 2 ml. saline con- 
tissue tissue taining 0-01 M taining 0-01 UM 
pyruvate; no pyruvate; tissue 
tissue 


Side-arm 0-2 ml. 10% H,SO, 0-2 ml. 10% H,SO, 0-2 ml. 10% H,SO, 0-2 ml. 10% H,S0, 


The cups were shaken for a certain period, usually for 2 hours, and the change of 


CO, pressure was read. Then the acid was tipped over. The cups 1 and 3 give, 
after addition of the acid, the initial amount of bicarbonate in the cups. Cups 2 
and 4, during the period of shaking, measured the amount of CO, evolved owing 
to the activity of the tissues in the absence and in the presence of pyruvic acid. 
After the addition of the acid they furnished the final amount of bicarbonate. An 
experiment with rat testis gave the following figures: 


No. 

ing. tissue 

Initial bicarbonate 
CO, evolved during 120 min. before adding acid* 62- 
CO, evolved after adding acid 21 
Total CO, present at the end 279-5 


* Extrapolated for period of equilibration. 


15-88 


In the absence of pyruvic acid a slight increase in the total CO, is observed from 
264 to 279-51. This may be due to the bicarbonate introduced into the system 
with the tissue. In the presence of pyruvate, however, a large increase in the 
total CO, from 264 to 389 yl. is observed. This increase of 125—15-5= 109-5 yl. is 
equivalent to the extra CO, which causes the increased change of pressure before 
adding the acid, namely 172—62-5= 109-5 ul. These figures show that the increased 
CO, evolution in the presence of pyruvate is not due to an increased acid forma- 
tion, but to decomposition of pyruvic acid. Experiments with brain, kidney and 
muscle gave similar results. 

Table VI shows experiments in which the extra CO, output was compared 
with the amount of pyruvic acid removed. “‘Extra CO,” is calculated from the 
increase in CO, pressure after addition of pyruvate. The last column shows that 
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the quantity of extra CO, amounts to 27-58% of the pyruvic acid used, the 
average being about 40%. Data for some other tissues will be found in Table IV, 


column 5. 
Table VI. 


extra CO, formed 


Ratio —— : 
pyruvic acid used 


Pyruvic ; 
Duration ExtraCO, acid used posi - extra CO, 
Tissue mg. (min.) (pl.) (ul.) pyruvic acid 

Testis (rat) 18-60 170 113 0-271 

28-25 170 234 0-381 

22-78 170 234 0-396 

16-63 100 85 26: 0-32 

28-25 170 286 5 0-465 

22-78 170 223 f 0-374 

11-67 120 108 0-353 
Liver (pigeon) 17-87 140 161 0-583 
20-28 100 78 0-358 


” 


4. Formation of acetic acid 


(a) Evidence for the formation of fixed acid. In the preceding section it was 
shown that CO, is liberated from pyruvate in animal tissues. It is noteworthy 
that this CO, appears in the manometric experiment as free CO, and not as 
bicarbonate for this sheds light on the mechanism of the decarboxylation. If 
animal tissues decarboxylated pyruvic acid in the same way as yeast extract, 
ie. by fission into aldehyde and CO,, no change of pressure would have been 
observed in our experiments, since CO, remains in solution as bicarbonate ion at 
pH 7-8. The mechanism of the decarboxylation in animal tissues must therefore 
be different from that in yeast, since the pyruvic acid residue must be an acid 
which binds the sodium ion and prevents it from binding the CO,. This residue 
was identified as acetic acid in the following way. 

(b) Identification of acetic acid. Acetic acid is the most likely “fixed acid” to 
be formed from pyruvic acid by decarboxylation. In order to test this assump- 
tion we examined the solutions after the experiment for steam-volatile acids. 
Since pyruvic acid is slightly volatile with steam the experiments were arranged 
in such a way that most of the pyruvic acid added was used up during the ex- 
periment. Remaining traces were removed, together with proteins and other 
interfering substances by the Salkowski-Van Slyke copper-lime precipitation. 
The experiments were carried out on a larger scale with flasks described by 
Krebs [1933]. The steam-distillation was done at atmospheric pressure. The 
liquid was acidified with phosphoric acid and steam was passed through as long 
as the distillate contained acid, the volume of the liquid being kept constant at 
about 5 ml. The distillate was collected in M/100 alkali and the titration was 
carried out at 100° using phenol red as indicator. Lactic acid is not volatile 
under these conditions. 

Most of the experiments were carried out with rat testis. The solution in 
which pyruvic acid was decomposed by the tissue under anaerobic conditions 
yielded regularly a steam-volatile acid in the expected quantity. For instance 
four testes (350 mg. dry) were shaken in 50 ml. saline containing pyruvate. The 
initial amount of pyruvic acid present was 11,8501. After 2 hours’ anaerobiosis 
pyruvic acid was determined in an aliquot and 34801. were found in the total 
volume. Therefore 8370 ul. pyruvate were used by the tissue. 15 ml. of the fluid 
were subjected to steam-distillation and acid equivalent to 4-90 ml. N/100 alkali 
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was found. The control experiment (testis without pyruvate), gave 0-41 ml. 
N/100 alkali. Expressed in yl. an additional 38201. steam-volatile acid were 


thus formed in the pyruvic acid experiment. The ratio eee ot ee 
pyruvic acid used 


is = =0-46. The amount of steam-volatile acid is thus of the same order as the 


amount of CQ,. 

For the identification of acetic acid the lanthanum reaction of Kriiger & 
Tschirsch [1929; 1930] was used which is highly specific for acetic and propionic 
acids. Since the latter can be excluded, the positive reaction may be regarded as 
conclusive evidence that the acid concerned is acetic acid. The combined neutral 
distillates (equivalent to a few ml. 0-01.N acid) were concentrated on a water- 
bath after the titration and the concentrated solution (15 ml.) was again acidified 
and steam-distilled until the steam was neutral. The distillate was neutralized, 
evaporated to a few ml. on a water-bath and mixed with the reagents for the 
lanthanum test (1 ml. 5% lanthanum nitrate, 1 ml. M/50 alcoholic iodine, a 
few drops N NH;, warming in boiling water). The test was intensely positive 
(blue colour). 

(c) Quantity of steam-volatile acid formed in various tissues. The determination 
of steam-volatile acid, if carried out under suitable conditions, gives an indication 
of the quantities of acetic acid formed. In Table VII data about the formation of 


Table VII. Anaerobic formation of steam-volatile acid in tissues 


in the presence of pyruvic acid 
Extra steam- 
Pyruvic volatile acid Volatile acid 
Duration acid used formed in % of 
Tissue : (min.) (ul.) (pl.) pyruvic acid 
Testis (rat) 2¢ 120 3,470 1170 

Testis (sheep) 240 22,400 
Testis (guinea-pig) 6,540 
Liver (rat) é 425 
749 


Kidney (rat) 1,680 


Muscle (pigeon) 5 20,100 
11,650 


* 3750 17,850 8 
Brain (guinea-pig) 100 1,250 369 29-5 


” 


steam-volatile acid from pyruvic acid are recorded for various tissues. It is of 
special interest to note that the yield varies in different tissues. It is of the 
expected order in testis, but is lower in other organs, especially in muscle. 


5. Formation of succinic acid 


The quantities of lactic acid, CO, and acetic acid formed in testis and brain 
account for the bulk of the metabolized pyruvic acid. In other tissues, however, 
the low yield of acetic acid leaves a considerable fraction of pyruvic acid the fate 
of which remains to be explained. It follows from the quantities of lactic acid 
and CO, that the missing fraction arises from pyruvic acid by oxidative de- 
carboxylation and the product must therefore be closely related to acetic acid. 
In a search for possible substances we found two more products appearing if 
pyruvic acid is metabolized anaerobically viz. succinic and f-hydroxybutyric 
acids. Succinic acid is formed in small amounts, B-hydroxybutyric acid in very 
considerable amounts in some tissues such as muscle and in smaller quantities in 
other tissues such as testis. 
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The formation of succinic acid from pyruvic acid in muscle was first made 
probable by Toenniessen & Brinkmann [1927]; it was recently postulated for 
kidney by Elliott e¢ al. [1935] and experimentally shown for brain by Weil- 
Malherbe [1936]. The new feature in our experiments is the demonstration that 
the conversion of pyruvic acid into succinic acid proceeds in the absence of 


molecular oxygen. 
We do not propose to discuss the mechanism of the succinic acid formation in 


this paper, but confine ourselves to presenting a few data which show the 
magnitude of the succinic acid production in various tissues in the presence of 
pyruvic acid (Table VIII). Succinic acid was determined by a modification of 
Szent-Gyérgyi & Gézsy’s method [1935] which will be described later. 


Table VIII. Formation of succinic acid in the presence of pyruvic acid 
under anaerobic conditions 


(118 mg. succinic acid are equivalent to 22,400 yl. gas.) 


Succinic acid Succinic acid 
produced in formed in the 
absence of Pyruvate presence of 
Duration _ pyruvic acid used pyruvic acid 
Tissue . (min.) (pl.) (ul.) (ul.) 
Testis (guinea-pig) 100 280 
Testis (sheep) 180 685 
Testis (rat) 120 226 
Liver (rat) 120 35 
120 18 
120 30 
99 120 
Brain (rat) 120 
Brain (rabbit) 60 
Kidney (rat) 120 
Kidney (rabbit) 
Kidney (rat) 


” 


” 


Muscle (pigeon) 


” 


MELLILI Lili gee 
| 1 $38 


6. Formation of B-hydroxybutyric acid 


B-Hydroxybutyric acid was determined by Edson’s [1935] modification of 
Van Slyke’s method. The method is not applicable to acetoacetic acid if pyruvic 
acid is present, but it yields reliable figures for B-hydroxybutyric acid. The 
specificity of the test is, however, not absolute and the evidence for the presence 
of B-hydroxybutyric acid cannot therefore yet be considered as conclusive. The 
data are collected in Table IX. The yield of 8-hydroxybutyric acid is highest in 
muscle, amounting to 25-32 % of the pyruvic acid used. 

The production of comparatively large quantities of this ‘ketone body” 
from pyruvic acid is a fact of general interest. There are some data in the 
literature which bear on the problem of the mechanism of the reaction. Embden 
& Oppenheimer [1912], Annau [1934] and Edson [1935] recorded a synthesis of 
acetoacetic acid from pyruvic acid in liver under aerobic conditions and Weil- 
Malherbe [1936] recently found acetoacetic acid arising from pyruvic acid in 
brain. It should further be mentioned that acetic acid, under aerobic conditions, 
gives rise to the production of acetoacetic acid in liver [Loeb, 1912; Jowett & 
Quastel, 1935; Edson, 1935]. Since acetoacetic and B-hydroxybutyric acids are 
readily interconvertible, it remains to be shown which substance arises primarily 


in the presence of pyruvic and acetic acids. 
41—2 
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Table IX. Formation of “‘B-hydroxybutyric acid” in the presence 
of pyruvic acid under anaerobic conditions 


Extra B-Hydroxy- 
B-hydroxy- butyric 
Pyruvie butyric in % of 
Time acid used acid formed pyruvic 
Tissue " (min.) (pl.) (ul.) 
Muscle (pigeon) ‘ 205 11,650 3720 
% 190 17,850 5790 
< 175 1,120 280 
Heart (pig) 2 265 1,344 264 
Liver (rat) 90 749 72 
26- 110 — 52 
u 23-4 : — 116 
= 28- : — 81-5 
” 606 98 
Kidney (rat) 66-3 581 78-5 
Testis (rat) 60 Z — 50 


7. Balance sheet of the anaerobic metabolism of pyruvic acid 


Five substances, lactic, acetic, succinic, B-hydroxybutyric acids and CO, 
have now been identified as products of the anaerobic metabolism of pyruvic 
acid. The quantities formed indicate clearly that there are several reactions 
concerned with the removal of pyruvic acid. It is not possible to express the 
anaerobic fate of pyruvic acid by one formula. However, in testis and in brain 
reaction (3) accounts for the removal of up to 80% of the pyruvic acid; this 
reaction is an intermolecular oxido-reduction or dismutation in which 50 % of the 
pyruvic acid is reduced to lactic acid, while the remaining 50% is oxidized to 
acetic acid and COQ,. 

In order to explain the data obtained in other tissues where the yield of 
acetic acid is low (muscle), we may assume that the acetic acid undergoes second- 
ary changes resulting in the formation of B-hydroxybutyric acid. The net effect 
of these secondary reactions may be thus: 


2 acetic acid—-acetoacetic acid + H,O 
Acetoacetic acid + pyruvic acid + H,O->£-hydroxybutyric acid + CO, + acetic acid 


(5) and (6), it should be expressly stated, are not intended to present the 
mechanism of the formation of B-hydroxybutyric acid. It is indeed unlikely that 
2 mol. of acetic acid condense and much more probable that acetic acid and 
pyruvic acid combine primarily. 

The sum of (5) and (6) is: 


Acetic acid + pyruvic acid—>B-hydroxybutyric acid +CO, 


If we eliminate acetic acid in (3) by means of reaction (7) we obtain: 
3 pyruvic + H,O—f-hydroxybutyric acid + lactic acid + 2CO, 


Reaction (8) is derived under the supposition that the total acetic acid is re- 
placed by B-hydroxybutyric acid. In actual fact there is always a certain amount 
of acetic acid found (see Table VII) and a better approximation to the experi- 
mental conditions in muscle is obtained if only part of the acetic acid in (3) is 
replaced by B-hydroxybutyric acid. An example is scheme (9) which is derived 
from (3) and (8) by replacing 4 out of 5 mol. acetic acid. 


14 pyruvic acid +5H,O-—5 lactic acid +4 B-hydroxybutyric acid + 9CO, +acetic acid 4 
( 
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Scheme (9) is in good agreement with the experimental facts obtained in pigeon 
muscle. Table X gives an instance in which all the substances concerned were 
determined in one experiment (see further data in Tables IV, VII and IX). The 
agreement between facts and theory is as close as can be expected, seeing that the 
formation of succinic acid has been neglected in the scheme and that there may 
be other side reactions. 


Table X. Anaerobic pyruvic acid metabolism in pigeon breast muscle 





Quantity metabolized Substance formed in % of 


(- =used, + =formed) pyruvate used 
(all figures corrected a 
for blanks) Calculated from 

Substrate (ul.) Experimentally (9) 
Pyruvic acid — 17,850 — — 
f-Hydroxybutyric acid + 5,790 32-5 28-6 
Lactic acid + 6,930 38-8 35-8 
Steam-volatile acid + 1,455 8-2 7-1 

(acetic acid) 

Total CO,* +10,290 57-7 64-0 
Free CO, + 8,490 47-6 53-0 
Bicarbonate + 1,800 11-5 11-0 


* If reaction (9) occurs at pH 7-4, 4 of the 9 CO, molecules formed should be found as bicar- 
bonate. The actual pH in our muscle experiments was lower, since the acid formed by the muscle 
decomposed a large fraction of the bicarbonate of our saline. The pH during the experiment which 
began usually after a 20 min. period of equilibration was between 6-4 and 6-7, calculated on the 
grounds of determinations of bicarbonate and the CO, content of the gas mixture. If a known 
amount of bicarbonate was added to the muscle suspension, 60% was decomposed by the weak 
acids present in the muscle and appeared as free CO,. The amount of bicarbonate expected is 
therefore less than 4/9 of the total. The figures given as “‘calculated”’ in the last column of Table X 
have been worked out under the assumption that 60% of the bicarbonate formed originally was 
converted into free CO,; the data agree well with this expectation. The determination of free and 
bound CO, was carried out according to the principle described in section IT, 3. 


The data obtained with other tissues may also be explained on the assump- 
tion that a certain amount of acetic acid, varying from tissue to tissue, reacts 
according to (7). An exception is liver tissue where the increase in lactic 
acid formation exceeds the consumption of pyruvic acid. This fact can be ex- 
plained as a catalytic effect of pyruvic acid on glycolysis as described by Mendel 
et al. [1931]. 


III. METHOD OF MEASURING THE RATE OF THE PYRUVIC ACID DISMUTATION 


The rate of reaction (3) can be determined manometrically by measuring the 
formation of free CO, ; with this technique the effects of inhibitors and of en- 
vironment can be easily studied. In this section some results obtained with rat 
testis will be briefly summarized. 

The rate of CO, formation from pyruvic acid rises slightly (from Qoo, =5°3 to 
Qco,=8-3) if the pH rises from 6-8 to 8-1. The concentration of pyruvic acid 
affects the reaction within M/500 and M/50, but further increase does not in- 
crease the value of Qco,. 

Inhibitors of the dismutation are octyl alcohol (saturated), arsenious oxide 
(7/100) and iodoacetate. 1/1000 iodoacetate, however, reduced the dismutation 
of pyruvic acid by only 20 %, while the glycolysis was reduced by 80 % under the 
same conditions. 

No effect was observed on addition of the following substances which were 
tested because an inhibiting or stimulating effect might have been expected: 
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SH-glutathione (1/200), insulin, glucose (M/100), dl-lactate (1/50), acetate 
(17/50), fumarate (1/50), glutamate (M/50), malonate (1/50), tartronate 
(M/50), ammonium chloride (1/50). 


IV. DISMUTATIONS OF OTHER KETONIC ACIDS 


In this section experiments will be described which demonstrate that other 
ketonic acids may react similarly to pyruvic acid. In some tissues, especially in 
liver and kidney, reaction (3) may be modified and the reduction of pyruvic acid 
to lactic acid may be replaced by the reduction of acetoacetic acid to B-hydroxy- 
butyric acid, according to the equation: 


or oxaloacetic acid may take the place of acetoacetic in (10): 


Pyruvic acid + oxaloacetic acid +H,O—acetic acid + CO, + malic acid 


Another modification is the reaction: 


a«-Ketoglutaric acid + acetoacetic acid + H,O—succinic acid +CO, + B-hydroxybutyric acid 
(12). 


1. Pyruvic and acetoacetic acids 


Jowett & Quastel [1935] have already demonstrated that addition of pyruvic 
acid accelerates the rate of anaerobic reduction of acetoacetic acid to B-hydroxy- 


Table XI. Anaerobic metabolism of acetoacetic and 
pyruvic acids in liver and kidney 


Substrates added 
M 
o_o 
Aceto- 
Tissue acetate Py. ruvate O vicianeaina Qpyruvate Qg.tiydroxybutyrate 


Liver (rat) 0-01 —_ -1-17 a 
0-01 “13 
+28 


0-01 0-01 — 4-83 


0-01 _ 
— 0-01 
0-01 0-01 
0-01 _ 
_ 0-01 
0-01 0-01 


0-01 


I 11 | 


— 0-01 
0-01 


0-01 


1d | 


0-01 
Kidney (rat) _— 
0-01 


ll | 


0-01 


0-01 


ROom> 
NS 00 Go 
NOS 


0-01 
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butyric acid in various tissues. They did not, however, discuss the mechanism 
of this effect and the question of the oxidative equivalent of the reduction. 

We determined the change in the concentrations of acetoacetic and pyruvic 
acids in the presence of liver and other tissues. Addition of pyruvic acid in- 
creases the rate of disappearance of acetoacetic acid and increases the rate of 
pyruvic acid disappearance, as shown in Table IX. The total quantities of 
pyruvic and acetoacetic acids which disappear are usually not stoichiometrical, 
since (10) is not the only reaction by which the acids are removed. 

The increased disappearance of acetoacetic acid leads to an increased f- 
hydroxybutyric acid formation, as shown before by Jowett & Quastel. There is 
also an additional CO, formation as would be expected if acetoacetic and pyruvic 
acids react according to (10). The extra CO, is roughly equivalent to the extra 
acetoacetic acid. 

2. Ketoglutaric and acetoacetic acids 


Evidence for reaction (12) is presented in Table XII. It will be seen that 
acetoacetate increases the yield of succinic acid formed from «-ketoglutaric acid. 

Parallel with the increase in succinic acid there is an increased rate of 
disappearance of acetoacetic acid and of production of CO,. The changes are of 
the order expected from (12). 

Similar results were obtained in rat kidney and liver. 


Table XII. Anaerobic formation of succinic acid from ketoglutaric 
acid in rabbit kidney 
Substrates 
(final concentration) Qsuceinate Qacetoacetate Qcoe 
—_— 0-25 — 1-41 
M/50 ketoglutarate 1-13 — 2-64 
M/50 acetoacetate 0-47 — 4-32 2-34 
M/50 ketoglutarate 
2-16 — 5-26 4-46 


+ 
M/50 acetoacetate 


Additional evidence for (12) is contained in Table XIII. An experiment is 
recorded in this table in which the effects of acetoacetate and of «-ketoglutarate 
on the respiration of pigeon’s brain were studied. Both «-ketoglutarate and 
acetoacetate if added singly increase the rate of respiration, but if added to- 
gether the increase exceeds by far the sum of the single increments. This may be 
explained by the assumption that reaction (12) is a primary step in the break- 
down of «-ketoglutarate. 


Table XIII. Oxidation of «-ketoglutaric and acetoacetic acids 
in sliced pigeon’s brain cortex 


(Phosphate saline 40°.) M/100 
a-keto- 
M/100 glutarate 
a-keto- M/100 M/100 
Substrates (final concentration) ... glutarate acetoacetate acetoacetate 

Oxygen (yl.) 20 min. . 4:8 5-5 7-5 
absorbed per 40 min. ° 8-9 10-6 14-6 
mg. tissue 60 min. ; 12-3 15-3 21-1 
80 min. 2: 15-3 19-6 27-4 
100 min. 4- 18-0 23-8 33-8 





H. A. KREBS AND W. A. JOHNSON 


3. Pyruvic acid and oxaloacetic acid 


The experimental proof for the reaction (11) offers difficulties owing partly 
to the spontaneous decomposition of oxaloacetic acid into pyruvic acid and CO,, 
and partly to side reactions by which malic acid disappears. Szent-Gyérgyi & 
Straub [1936] found that 7% of the added oxaloacetate was decarboxylated in 
10 min. under conditions similar to those in our experiments. We have, there- 
fore, not been able to prove reaction (11) conclusively, but its reality is suggested 
by the fact that the simultaneous addition of oxaloacetic and pyruvic acids to 
tissues causes a large increase of the anaerobic CO, production. Some data are 
given in Table XIV. Since the effect is observed in tissues which do not contain 


Table XIV. Anaerobic CO2 production in presence of 
oxaloacetic and pyruvic acids 


Qcbe 
n—Ka—e—n—n— eee eee en) 
Oxaloacetate 
M/100 
Pyruvate Oxaloacetate + pyruvate 
Tissue M/100 M/100 M/100 
Testis (rat) 5-75 5-28 
Brain (rat) 3-87 — 
Spleen (rat) 3-84 — 


bo mt by 
IRD 


Testis (rat) 6-54 
62 5-92 4-46 

2 ; 4:38 av 

Brain (rat) 3-15 — 
Muscle (pigeon) 6-2 _ 


” 


Kidney (rat) 4:5 


any significant carbohydrate store such as testis and brain, the CO, production 
cannot be due to some “activating” effect on glycolysis and equation (11) is 
the simplest explanation for the observed CO, production. It will be seen that 
addition of oxaloacetic acid alone causes a considerable increase in the CO, 
evolution, and it may be assumed that the effect is also due to reaction (11), 
since part of the added oxaloacetic acid rapidly yields pyruvic acid by decom- 
position. The CO, is not formed from bicarbonate since the bicarbonate con- 
centration remains constant, nor is it formed by decarboxylation of oxaloacetic 
acid, since at pH 7-4 this reaction would not yield free CO,, but bicarbonate. 
The rate of the reaction (11) is higher than that of the analogous reactions (3) 
and (10) in most tissues (brain, testis, kidney, muscle) and in view of the fact 
that under physiological conditions oxaloacetic acid is available in tissues, it is 
likely that (11) is the preferential way by which pyruvic acid is oxidized. 


V. Discussion 


1. Decarboxylation of «-ketonic acids. The reactions (1) and (2) indicate the 
manner in which anima] tissues decarboxylate «-ketonic acids. Animal] tissues 
do not possess a “carboxylase” of the type occurring in yeast. The decarboxy- 
lation in animal tissues is an oxidation in which another molecule of ketonic 
acid acts as oxidizing agent. 

2. Aerobic and anaerobic metabolism of pyruvic acid. The question arises 
whether anaerobic reactions are the only reactions by which pyruvic acid is 
metabolized in tissues. If this be so it would be expected that the rate of dis- 
appearance of pyruvic acid should be independent of the presence of oxygen. In 
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some tissues, such as brain and testis the effect of oxygen on the pyruvic acid 
consumption is indeed small and it may be, therefore, that in these tissues the 
primary step in pyruvic acid oxidation is an anaerobic process. In some other 
tissues, however, especially in kidney, the difference between the anaerobic and 
aerobic rates of metabolism of pyruvic acid is considerable and the anaerobic 
dismutations cannot account for the whole pyruvic acid breakdown. 

3. Respiratory carbon dioxide. The reactions (1) and (2) represent a mech- 
anism by which CO,, one of the end products of respiration, is formed and it is of 
interest to discuss the question of what fraction of the total respiratory CO, 
arises by these reactions. The maximum amount of CO, formed from anaerobic 
dismutation is about 60-80 % of the CO, formed in respiration. In some tissues, 
as for example in kidney, it is less (20-60%). 

It is not yet clear by what process the rest of the respiratory CO, is formed. 
The decarboxylation of oxaloacetic acid is another possibility, but its quantitative 
significance cannot yet be assessed. 

4. Ketonic acids as carriers of oxygen. The hydroxy-acids resulting from the 
dismutation, i.e. lactic, U(-)malic or B-hydroxybutyric acid, can be re-oxidized 
in tissues by specific mechanisms in which the oxidizing agent is eventually 
molecular oxygen. The ketonic acid formed by re-oxidation may subsequently 
oxidize another molecule of ketonic acid, and in this way, ketonic acids may act 
as oxygen carriers. Szent-Gyérgyi [1935; 1936] was the first to suggest that a 
ketonic acid, oxaloacetic acid, is an oxygen carrier in tissues. The work reported 
in this paper shows that Szent-Gyérgyi’s view holds for the special case of the 
oxidation of «-ketonic acids. 

5. Ketone bodies as intermediates in carbohydrate metabolism. In muscle, and 
to a less extent in other tissues, B-hydroxybutyric acid is the chief end-product 
of the anaerobic oxidation of pyruvic acid. The ketone bodies are thus not only 
intermediates in fat but also in carbohydrate metabolism. In relation to this 
conclusion, it appears of special interest to note that the majority of tissues, 
although unable to oxidize butyric and higher fatty acids, oxidize readily 
B-hydroxybutyric acid (Dakin & Wakeman [1910], Friedmann & Maase [1910], 
Snapper & Griinbaum [1927], Jowett & Quastel [1935], Edson & Leloir [1936)). 
This fact seems explicable if we consider the ketone bodies as intermediates in 
carbohydrate breakdown. 

6. Carrier-linked oxido-reductions. Quastel & Wooldridge [1928] suggested 
that intermolecular oxido-reductions require, in addition to the “dehydro- 
genase”’, an intermediate carrier for the hydrogen transport. Green e¢ al. [1934] 
verified this view experimentally by in vitro experiments on isolated systems. 
There is little doubt that reactions (1) and (2) belong to the group of “‘carrier- 
linked” reactions. The nature of the intracellular carrier is, however, obscure. 

7. Role of vitamin B,. Peters [1936] has shown that the oxidation of pyruvic 
acid in pigeon brain requires the presence of vitamin B,. If the oxidation, as 
suggested by the present paper, is brought about by an anaerobic dismutation, 
a vitamin effect would be expected to occur anaerobically in the presence of 
pyruvic acid. In preliminary experiments an effect on the dismutation of 
pyruvic acid was indeed shown by crude commercial preparations of vitamin B,. 
Crystalline vitamin, however, failed to act. 


VI. Summary 
1. Pyruvic acid is metabolized in animal tissues under anaerobic conditions. 
The following substances are found as end products of the anaerobic metabolism 
of pyruvic acid (1) lactic acid, (2) acetic acid, (3) carbon dioxide, (4) succinic 
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acid, (5) B-hydroxybutyric acid. The evidence for the formation of the first four 
substances may be considered conclusive. The evidence for the formation of 
B-hydroxybutyric acid is based on the Van Slyke-Denigés mercuric sulphate 
reaction. 

2. The quantities of the products formed suggest that the primary reaction is 
a dismutation according to reaction (3). This reaction represents the main 
anaerobic reaction of pyruvic acid in testis or brain. 

3. The data obtained in other tissues, especially muscle suggest that acetic 
acid disappears by secondary reactions in which f-hydroxybutyric acid is the 
main end-product, according to the scheme (7). 

4, Evidence is given for the occurrence of reactions analogous to (3) in which 
a-ketoglutaric acid, oxaloacetic acid and acetoacetic acid take part (reactions 
(10), (11) and (12)). 

5. The schemes (1) and (2) represent a mechanism by which «-ketonic acids 
are oxidized and decarboxylated in animal tissues. 

6. The reactions (7) and (8) indicate that ketone bodies are not only inter- 
mediates in fat but also in carbohydrate metabolism. 


This work was made possible by grants from the Rockefeller Foundation, the 
Ella Sachs Plotz Foundation and the Medical Research Council. 
We wish to express our gratitude to Prof. E. J. Wayne for his help and advice. 
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THE literature on bacterial metabolism contains references which suggest that 
the anaerobic dismutation of pyruvic acid which we have shown to occur in 
animal tissues (see the preceding paper) may also take place in certain bacteria. 
Barron et al. [1932; 1933; 1934; 1936], for instance, described experiments con- 
cerning the oxidation of pyruvic acid in Gonococcus and showed that there is a 
specific mechanism by which pyruvic acid is oxidized to form acetic acid and 
carbon dioxide. He assumed that this oxidation is directly effected by molecular 
oxygen and he named the enzymic system concerned “‘«-ketonoxidase”. His 
data, however, also allow the assumption that the oxidation of pyruvic acid is 
brought about by the same type of dismutation which occurs in animal tissues: 


2 pyruvic acid + H,O =lactic acid+acetic acid+CO,, ween (1) 


and the experiments reported in this paper demonstrate that this view is correct. 
Pyruviec acid is oxidized in Gonococcus by the anaerobic reaction (1), and the 
oxygen uptake which ensues after addition of pyruvic acid is due to a secondary 
oxidation of the lactic acid formed by reaction (1). Some other cocci react in the 
same way, Staph. aureus and albus, and Streptococcus faecalis. For convenience 
Staph. aureus was used for the majority of the experiments and only the salient 
points were studied in Gonococcus and the other organisms. 


I. Methods 


1. Bacteria. The organisms used in this work were obtained partly from the 
National Type Culture Collection, partly from the Department of Bacteriology 
of this University. Cultures were grown in Roux flasks for 18-24 hours; blood 
agar was used as medium for Gonococcus, broth agar for the other organisms. 
The bacteria were washed off with 0-9 % NaCl, the washings were filtered through 
glass wool, and the organism was subsequently washed on the centrifuge. The 
final sediment was suspended in 0-9 %, NaCl and its concentration was determined 
by measuring the dry weight (drying at 100°). The stock suspension contained 
usually 5-10 mg. dry bacteria per ml.; it was kept in a refrigerator. Suspensions 
of Staphylococcus or Streptococcus showed no significant decrease of activity 
within a few days. 

The stock suspension was diluted with saline for each experiment. Bicar- 
bonate was added to adjust pH. The solution was equilibrated with gas mixtures 
containing N, and CO,, the concentration of the latter usually being 5%. 
Yellow phosphorus was employed for the removal of oxygen. The temperature 
was 40°. 

2. Chemical methods. The chemical and manometric methods were those 
described in the preceding paper. 

( 661 ) 
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II. Anaerobic decomposition of pyruvic acid by Gonococcus and Staphylococcus 


Barron has shown that Gonococcus, in the presence of air, oxidizes pyruvic 
acid according to the scheme: 
pyruvic acid + 40,—acetic acid + COQ,. 


The following experiments show that CO, and acetic acid are also formed in the 
absence of air, but only 50% of the theoretical yield of CO, and acetic acid is 
obtained (Exp. 1). 


Exp. 1. Decomposition of pyruvic acid by Gonococcus 
(Gonococcus in saline containing M/50 NaHCO,. 3 ml. suspension in each cup. 5% CO, in N,. 
Cup 2 
3 ml. suspension 


Cup 1 0-1 ml. pyruvate 
3 ml. suspension solution (411 yl.) 


pl. CO, formed after 60 min. 18-8 68 
120 min. 26-6 117 
180 min. 31-3 152-5 
240 min. 36-0 173 
0 411 
0 37 
Extra CO, +137 
Extra pyruvate — 374 


pl. pyruvate initial 
final 


Exp. 2 demonstrates the same ratio for peers ott oo 5 Staphylococcus. 


CO, formed 
Exp. 2. Anaerobic production of COz from pyruvic acid by Staph. aureus 
Ratio 


Pyruvic acid Extra CO, pyruvic acid used 
formed CO, formed 
249 0-496 
227 0-452 
496 0-494 
165 0-453 
132 0-488 
249 0-520 
233 0-490 
233 0-500 
1808 857 0-474 


Exp. 3 shows that the CO, is not derived from the bicarbonate of the saline, 
as the concentration of bicarbonate remains constant while CO, is evolved. The 
CO, arises therefore from decarboxylation of pyruvic acid. The constancy of the 
bicarbonate concentration shows furthermore, as explained in the preceding 
paper, that the substance remaining after decarboxylation of pyruvic acid is a 
fixed acid which binds the alkali set free by the decomposition of the pyruvate. 

The fixed acid formed from pyruvic acid is steam-volatile and gives a positive 
lanthanum-iodine test [Kriiger & Tschirsch, 1929; 1930]; it is thus acetic acid. 

In Exp. 2c 498 yl. lactic acid were found in the solution after the evolution of 
CO, was finished. This shows that the second 50% of pyruvic acid for which we 
have to account is converted into lactic acid. We have isolated the lactic acid as 
the zinc salt in a large-scale experiment following the directions of Embden & 
Kraus [1912] and of Warburg [1925] and identified it as the laevorotatory form 
which is the same optical isomeride that occurs in animal tissues. It should be 
mentioned that Kendall e¢ al. [1930] and Sevag & Neuenschwander-Lemmer 
[1936] observed previously, in qualitative experiments, that pyruvic acid may 
undergo reduction to lactic acid in Staph. aureus. 
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Exp. 3. Anaerobic production of CO, and fixed acid 


from pyruvic acid by Staph. aureus 


(Manometric experiment. Cups with 2 side-arms were used. 2 ml. bacterial suspension (8 mg. 
cocci) per cup. Side-arm 1 of each cup contained 0-2 ml. 5% H,SO,.) 


Side-arm 2 


Time 0 (after 20 min. 
equilibration) 
Change in pressure (mm.): 
10 min. 
20 min. 
30 min. 


40 min. 

Kco, 

Calculations: 
Initial bicarbonate (yl.) 
Final bicarbonate (yl.) 
Free CO, formed (yl.) 
Total CO, found (yl.) 
Change in total CO, (yl.) 


pl. gas evolved 


1 


H,SO, added 





2 3 4 
— 0-1 ml. pyruvate 0-1 ml. pyruvate 
(=503 yl.) (=503 ul.) 
— H,SO, and —- 
pyruvate added 
+1-5 +126-5 +745 
+25 — + 137-5 
+3-5 _ +140 
H,SO, added H,SO, added 
+81 — +1145 
1-874 1-438 1-622 
— 182 — 
152 — 186 
6-5 — 227 
158-5 182 413 
-1-5 _— +231 


Minutes 


Fig. 1. Anaerobic CO, production and aerobic oxygen consumption in the presence of pyruvic 
acid. (Staph. aureus.) 


Exp. 4. Aerobic and anaerobic decomposition of pyruvic acid by Staph. aureus 
(pH 6-8; 3 ml. bacterial suspension containing 11 mg. cocci per cup. 0-1 ml. pyruvate solution 
(=503 ul.) was added at the time 0 from a side-arm after equilibration. The figures have been 
corrected for some (small) blanks. Buffer in (1) CO,-NaHCO,; in (2) phosphate.) 


(1) (2) 
pl. CO, formed pl. O, absorbed 


Time 
(min.) anaerobically aerobically 
5 38 2 
10 106 27 
15 182 55 
20 236 96-5 
30 246 180 
45 249 251-5 


95 249 328 
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The experiments reported so far show that 50% of the pyruvic acid is de- 
composed into CO, and acetic acid, whilst the second 50% is reduced to lactic 
acid. The evidence for the reaction (1) is therefore complete. If this reaction is a 
normal stage in the oxidative breakdown of pyruvic acid it has to be shown that 
the rate is at least that of the oxidative breakdown in the presence of molecular 
oxygen. Exp. 4 and Fig. 1 show that the rate of reaction (1) as measured by the 
anaerobic CO, production is in fact higher than that of the oxidation of pyruvic 
acid by oxygen. 

The manometric determination of the CO, formed was used to study the 
effect of pH and of oxidation-reduction indicators on the rate of dismutation 
of pyruvic acid. In Exp. 5 the bicarbonate concentration was varied so that a 
pH range from 5-6 to 8-5 was obtained. The optimum is near pH 7-0. 


Exp. 5. Effect of pH on the dismutation of pyruvic acid in Staph. aureus 
(Bicarbonate-CO, buffer; 5% CO, in N,; 1 mg. cocci per cup.) 


Concentration of 5600 1865 622 207 69 23 
bicarbonate (in yl. 
per ml. solution) 

pH 8-48 8-01 7-53 7-05 6-57 6-09 5-61 

pl. CO, formed in 9 81 130 133 146 102 96 
40 min. 


The effect of indicators was investigated, as it seemed probable from the work 
of Green et al. [1934] that carriers of the type of oxido-reduction indicators might 
play a role in the dismutation of pyruvic acid. However, the only effect of 
indicators was an inhibition (Exp. 6). 


Exp. 6. Inhibition of the dismutation of pyruvic acid by 
indicators in Staph. aureus 


Indicator added Cone. M % inhibition 
y:y’-Dipyridyl 10-2 80 
Benzylviologen 10-? 94 
10-3 52 
Be 10-4 12 
Pyocyanin 0-8.10-3 
0-2.10-8 
0-5.10-4 
me 1-25.10-5 
Lactoflavin 10-5 


” 


” 


” 


III. Activator in yeast 


Peters [1936] has shown that the oxidation of pyruvic acid in pigeon brain 
requires the presence of vitamin B,. Since it appears to be the same reaction 
which brings about the oxidation of pyruvic acid in brain tissue and in 
Staphylococcus, and since it is known that vitamin B, plays a role in the 
metabolism of certain micro-organisms [Schopfer, 1935; Tatum et al. 1936], we 
decided to examine the effect of vitamin B, on the dismutation of pyruvic acid 
in Staphylococcus. A large acceleration of reaction (1) was found when com- 
mercial preparations of vitamin B, (Hoffmann-La Roche; Glaxo) were added. 
Crystalline vitamin, however, had no effect. 

Extracts from brewer’s or baker’s yeast which had been heated to 90-95° for 
10 min. also contained a very potent activator. The activation increases with 
time and may amount to 1000 % (Exp. 7, Fig. 2). 
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Exp. 7. Effect of yeast extract on the dismutation of pyruvic acid 


(Bacterial suspension containing 0-6 mg. Staph. aureus per 3 ml. in saline, M/50 NaHCO, ; 
5% CO, in N,. M/50 pyruvate. Yeast extract: Lebedev extract made from brewer’s top yeast heated 
10 min. in boiling water-bath, filtered. 1 ml. contained 47 mg. dry matter. The measurement of 
CO, production began 20 min. after the addition of yeast extract. Yeast extract alone had no 
effect on the CO, production. Increase beyond 0-1 ml. original extract had no further effect.) 


pl. CO, formed by 3 ml. suspension 


oat 
Quantity of yeast 0-1 0-1 0-1 
extract added (ml.) (100 times dilute) (10 times dilute) (Original) 
Time: 20 min. 7-0 16-8 33-8 
40 min. 14-7 35-6 87-2 
60 min. 24-5 54-4 170 
80 min. 32-9 73-2 266 
100 min. . 43-4 92-2 377 
Qco, (calculated for the é 555 
last 20 min.) 


Ss 
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§ 
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Fig. 2. Effect of yeast extract on the dismutation of pyruvic acid in Staph. aureus. 


The ampoules of vitamin B, which we obtained from Messrs Hoffmann-La 
Roche and from Messrs Glaxo had an effect of the same order of magnitude as the 
extract used above. 0-1 ml. of the tenfold dilute preparation (=5 units vitamin B,) 
added to 3 ml. suspension about doubled the rate of reaction. The effect seemed to 
increase with prolonged washing of the organism. 

It is not only the anaerobic dismutation of pyruvic acid which is affected by 
yeast extracts. The oxygen uptake in the presence of glucose and other sub- 
strates is also increased, though less than the pyruvic acid dismutation (Exp. 8). 


Exp. 8. Effect of yeast extract on oxidations in Staph. aureus 


(Each cup contained 0-87 mg. cocci (dry weight) in 3 ml. phosphate saline; pH 7-1. Yeast 
extract: Lebedev extract heated at 100° (10 min.), filtered, 10 times diluted; 0-1 ml. added to 3 ml. 


suspension.) 9 
O2 
= ——-_o@Mm—_ 

Substrate (17/300) Without extract With extract 
~ 2 10 
Glucose 107 152 
Glycerol 149 214 
dl-Lactate 113 143 
Pyruvate 81 149 
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It should be mentioned that the activating effect, or at least the bulk of it, 
is not due to growth which may occur in the presence of yeast extract. The 
volume of the cells and the dry weight of the bacteria increase relatively little 
(not more than 50%), while the rate of dismutation may increase 1000 %. 
The nature of the ‘‘activator”’ in yeast is not clear. It is possible that it is a 
substance related to vitamin B, (phosphorylated vitamin (?), see Lohmann 
[1937]) or to the “‘growth factors” described by Hirsch & Miiller [1933] and by 
Knight [1936], but it seems more probable that the effect of yeast extract is due 
to the combined actions of several substances. We have examined several bodies 
known to occur in yeast and we have found some compounds which increase the 
rate of pyruvic acid dismutation, but none of these substances had quantitatively 
the same effect as the crude yeast extract. Substances which “‘activate” the 
pyruvic acid dismutation are fumaric acid, «-ketoglutaric acid, lactic acid, 
Warburg’s yellow enzyme and Warburg’s coenzymes (pyridinediphospho- 
nucleotide and pyridinetriphosphonucleotide). Exp. 9 shows the effects of these 
substances. The yellow enzyme used was impure and contained 4 x 10-7 mol. per 
g., the pyridinetrinucleotide was pure, the dinucleotide was about 80% pure. 


















Exp. 9. Effects of lactate, fumarate, «-ketoglutarate, yellow enzyme and the 
pyridinenucleotides on the dismutation of pyruvic acid in Staph. aureus 


(Each cup contained 3 ml. bacterial suspension (3 mg. cocci); M/150 bicarbonate; 5% CO, in N,. 
Pyruvate (904 yl.) in 0-2 ml. was added from a side-arm after equilibration in cups 2-11). 






















1 2 3 4 5 6 
0-1.M/10 37-5 mg. 
Substances — = 0-3.M/5 0-1M/5 «-keto- “yellow 
added ... dl-lactate fumarate glutarate enzyme” 
CO, formed after addition of pyruvate (yl.): 
10 min. 2 4-7 6-2 5-6 6-9 41 
20 min. 3 7-9 10-4 12-7 18-7 9-6 
40 min. 4:5 19 25 39-5 49 20-4 
80 min. 7-5 41 53 97 115 51 
120 min. 9 65 85 166-5 189 88 
240 min. 15 150 186 411 425 251 
360 min. 19-5 249 295 552 522 448 
380 min. 2 263 523 455 










12 





8 11 























37-5 mg. 
“vellow 
enzyme” 
37-5 mg. 37-5 mg. +0-25 mg. 
“yellow “yellow “‘diphospho- 
enzyme” enzyme” _ nucleotide” 
0-25 mg. 0-2 mg. +0-2 mg. +0-2 mg. +0-20 mg. 0-1 mg. 
Substances “‘diphospho- “triphospho- ‘“‘diphospho- “‘triphospho- “‘triphospho- yeast 
added ... nucleotide’ nucleotide’ nucleotide” nucleotide” nucleotide” extract 
CO, formed after addition of pyruvate (yl.): 
10 min. 4-2 40 5-1 5-1 5:1 9-2 
20 min. 9-8 9-4 10-2 12 12-9 22-1 
40 min. 21-3 21-4 27-2 32-6 33 50 
80 min. 48 48 71 73 84 148 
120 min. 78 79 122 131 144 315 
240 min. 178 178 346 357 383 500 
360 min. 316 290 498 504 514 504-5 
380 min. — _ 500 505 505 









M/300 «-ketoglutarate increases the rate of reaction about 300%, M/150 
fumarate about 250%. The effects of the yellow enzyme and of the pyridine- 
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nucleotides are small if these compounds are added singly, but a very marked 
effect is obtained if the yellow enzyme is added simultaneously with the nucleo- 
tides (100% increase). Both nucleotides are about equally active and a larger 
effect is obtained if the two nucleotides are added together. A preparation 
of “‘cozymase”’ kindly supplied by Prof. Myrback had the same effect as the 
pyridinenucleotides. 

The results obtained with the yellow enzyme and with the nucleotides suggest 
that these substances take part as catalysts in the dismutation, but it remains to 
be shown that the pure substances act in the same way, before the evidence can 
be considered conclusive. Further work is also necessary before the effects of 
lactic acid, fumaric acid and «-ketoglutaric acid can be explained. The last two 
substances increase not only the rate, but also to a small extent the yield of CO,. 
They act in quantities which are small compared with the amount of pyruvic 
acid that they may cause to react; their action appears thus to be catalytic. No 
appreciable evolution of CO, is observed if fumarate or «-ketoglutarate is added 
to Staphylococcus in the absence of pyruvate. 


IV. Oxidations in Staph. aureus 

Since there are only a few data on record concerning the oxidative meta- 
bolism of Staphylococci [Warburg & Meyerhof, 1912; Meyerhof, 1917; Fujita & 
Kodama, 1934; Hirsch & Miller, 1933], some experiments are worth mentioning 
in which the rates of oxidation of severa] substrates and the total O, uptake were 
measured. In Exp. 10 the oxidations of glucose, 1(—)lactic acid, pyruvic acid 
and glycerol] were followed quantitatively. These were the only substrates which 
we found to be readily oxidizable. 


Exp. 10. Rates of oxidation of various substrates by Staph. aureus 


(Phosphate saline; pH 6-8; 3 mg. cocci in 3 ml. Substrates neutralized before addition. Air. 


= 0-2 INN 
Inner cup: 0-2 ml. 2N NaOH.) ul. 0, absorbed 





c rnc ‘ 
1-038 mg. 0-973 mg. 2-220 mg. 

Time No 1-040 mg. U(—)lactic  d(+)lactic pyruvic 1-90 mg. 
(min.) substrate glucose acid acid acid glycerol 
10 34-1 20-4 5 8 42 

20 69-5 36-6 2. 16-8 
40 146 70 ; 35-8 
60 216 99 25-4 56-2 
120 327 162 . 109 
342 194 143-5 
351 228 176 
362 253 215 
367 278 254 
Extra O, absorbed (yl.): 324 235 211 
Calculated for complete 775 744 1393 
oxidation (yl.): 
Qo, (first 6-2 73-0 35-0 
40 min.): 
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The oxidation of the substrates is not complete. In the presence of glucose 
about 2-5 mol. O, are rapidly taken up per mol. of glucose. Thereafter a very slow 
0, uptake continues. In the case of l( — )lactate about one third of the theoretical 
amount of O, is absorbed rapidly and in the case of pyruvate, about one sixth. 

Lactic acid is more slowly oxidized than glucose. It is therefore not admissible 
to assume that the primary step in glucose oxidation is a lactic acid fermentation. 
Glycerolis the only 3-carbon substance which is oxidized more rapidly than glucose. 


Biochem. 1937 xxxI 42 





668 H. A. KREBS 


The oxidations of glucose, 1(—)lactate and glycerol begin at almost full rate 
as soon as the substrate is added, whilst there is a lag period if pyruvic acid is the 
substrate. This delay is expected to occur, since the primary dismutation of 
pyruvic acid shows an induction period. Barron observed a similar lag with 
gonococci which can be explained in the same way. This phenomenon lends 
support to the view that pyruvic acid is not oxidized as such but only after 
reduction to lactic acid. 

In Exp. 11 data are given showing the rates of oxidation of a number of other 
substrates which are oxidized, though slowly, in Staphylococcus. 


Exp. 11. Oxidation of various substrates by Staph. aureus 
Substrate added 


Fumaric acid 

Succinic acid 

Formic acid 

Acetic acid 

a-Glycerophosphate 12 
Glyceraldehyde 11 
Glutamic acid 24 


Dismutation of pyruvic acid in other micro-organisms 


The following organisms were examined with the manometric technique to 
see if they form CO, from pyruvic acid under anaerobic conditions. 

Streptococcus faecalis. 

Staph. albus. 

Sarcina lutea. 

Pneumococcus Type I. 

Bact. coli commune. 

Bact. acidi-propioni 36 (No. 4759, National Collection). 

Acetobacter pasteurianum (No. 613, National Collection). 

Phycomyces nitens (Department of Botany, Sheffield University). 

Phycomyces blakesleanus (National Collection). 

The cocci and bacteria were grown on broth agar except Acetobacter which 
was grown on alcohol-malt agar; Phycomyces was grown on malt extract. 

No evolution of gas was observed in the cases of Sarcina lutea, Pneumococcus, 
Bact. acidi-propioni, Acetobacter and Phycomyces. Streptococcus faecalis and 
Staph.albus showed the same reaction as Staph. aureus (Exps. 12 and 13). Moreover 
the same activating effect of yeast extract was observed in Streptococcus faecalis 
. (Exp. 12). 


Exp. 12. Dismutation of pyruvic acid in Staph. albus 

(Each cup contained 4 ml. bacterial suspension (27 mg. dry cocci); M/300 bicarbonate. 5% 
CO, in N,. The quantities of pyruvate used, lactate and CO, formed agree approximately with 
reaction (1).) 2 


Added to suspension... 0-3 ml. pyruvate 
pl. CO, formed after addition of pyruvate: (=1400 pl.) 
20 min. : 75-5 
40 min. 148 
100 min. 379 
190 min. 680 
370 min. 865 
Lactic acid formed (yl.) 822 
Pyruvic acid used (yl.) — 1400 
Extra CO, formed (l.) +779 
Extra lactic acid formed (,l.) +716 
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Exp. 13. Dismutation of pyruvic acid in Streptococcus faecalis 


(Each manometric cup contained 3 ml. bacterial suspension in saline (7-5 mg. dry cocci; M/80 
bicarbonate). 5% CO, in N, ; yeast extract as in Exp. 8. The experiment shows that the quantities 
of pyruvic acid used, CO, and lactic acid formed agree approximately with reaction (1) and that 


yeast extract accelerates reaction (1).) O-1 ml, yeast 
extract 0-2 ml. 
0-1 ml. yeast 0-2 ml. pyruvate pyruvate 


Added to suspension ... extract (=932 ul.) ( =932 ul.) 


pl. CO, formed after addition of pyruvate: 
20 min. 11-1 22-6 14 
40 min. 16-7 64 28-6 
80 min. 23-6 142 46 
160 min. 37-6 432 -- 
42-0 460 —_ 
Lactic acid found at the end (l.) 116 512 — 
— — 932 _ 
— +418 a 


Pyruvate used (yl.) 
Extra CO, formed (yl.) 
Extra lactic acid formed (l.) — +396 


In Bact. coli, CO, is formed anaerobically as is known from the work of 
previous investigators [Neuberg, 1914; Mazza & Cimmino, 1934]. The mechan- 
ism is, however, different from reaction (1) in that formic acid is first produced: 


Pyruvic acid + water— acetic acid+formic acid, = = «..... (2) 
and CO, and hydrogen are formed secondarily under the influence of “hydro- 
genlyase ”: Formic acid—> CO, + H,. 


In bicarbonate medium the rate of (3) is very slow as compared with the rate 
of (2) if Bact. coli is grown aerobically [Stephenson, 1937], and in the manometric 
experiment 1 mol. of CO, is liberated from the bicarbonate of the medium for 
each mol. of pyruvic acid fermented (whilst reaction (1) yields 1 mol. of CO, 
from 2 mol. of pyruvic acid). 

It should be borne in mind that although in reaction (2) the elements of 
water are taken up it is not a hydrolysis, any more than reaction (1) is a hydro- 
lysis. Reaction (2) is an intramolecular oxido-reduction and is physiologically 
equivalent to reaction (1) which is an intermolecular oxido-reduction. Both (1) 
and (2) are “‘fermentations” of pyruvic acid, i.e. energy-yielding reactions. 


V. Side reactions 


Reaction (1) is the main, but not the only reaction which occurs in Staphylo- 
coccus if pyruvic acid is available. This is indicated by the fact that the yields of 
CO, and lactic acid are not always exactly theoretical, and furthermore by the 
formation of other products such as succinic acid and acetoin. Succinic acid is 
regularly formed if large quantities of pyruvic acid are fermented anaerobically 
by Staphylococcus. For instance 76 yl. of succinic acid (118 mg. = 22400 ul.) were 
formed in an experiment in which 56001. of pyruvic acid were fermented. The 
formation of traces of acetoin was qualitatively indicated by the positive Voges- 
Proskauer test (carried out according to the very sensitive modification of 
Barritt [1936]. 

VI. Barron’s ‘‘«-ketonoxidase”’ 


Barron [1936] showed that the oxidation of pyruvate by molecular oxygen in 
gonococci is inhibited by narcotics and fluoride, while the oxidation of lactate is 
not or is less affected. From this and similar work he concluded that two 

42—2 
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different enzymes are concerned with the oxidations of the two substrates. The 
conclusion is certainly correct, but it does not follow from the evidence that 
the two enzymes are an “‘«-hydroxyoxidase”’ and an “‘«-ketonoxidase”’. The 
present paper demonstrates that the second enzyme is a “‘dismutase” and the 
specific inhibitions of pyruvic acid oxidation are due to the inhibition of the 
dismutation. If the view is correct, and if the O, uptake in the presence of 
pyruvate is due to an oxidation of lactate, it should be impossible to inhibit the 
O, uptake in the presence of pyruvate without inhibiting the oxidation of 
lactate. Barron was of opinion that there was evidence against this conclusion; 
he believed that HCN, H,S and CO inhibit lactate oxidation more than pyruvate 
oxidation. In our view, however, his evidence is not valid, since (1) in the case of 
H,S the CO, production instead of the O, uptake was taken as measure for the 
oxidation; (2) the concentration of HCN acid is decreased in the presence of 
pyruvate owing to reactions between pyruvic and hydrocyanic acids. The 
inhibition of cell respiration by HCN is generally diminished in the presence of 
pyruvate (see e.g. van Heyningen [1935]); (3) the differences in the effects of 
CO described by Barron are not sufficiently significant to allow any conclusion. 
A slightly smaller inhibition of pyruvate oxidation may be explained by War- 
burg’s “saturation” hypothesis [1927], according to which the inhibition by CO 
must be less at low concentrations of the substrate. The actual concentration of 
the substrate for the oxidation (lactate) is necessarily low, if pyruvate is the 
added metabolite. 


SUMMARY 


1. Pyruvic acid reacts anaerobically in gonococcus, Staph. aureus, Staph. 
albus and Streptococcus faecalis according to the equation: 2 pyruvic acid + water 
=lactic acid+acetic acid+CO,. The data indicate that this “‘dismutation” is 
the preferential reaction by which pyruvate is broken down in these organisms. 
There is no direct oxidation of pyruvic acid by molecular oxygen. The oxygen 
consumption occurring in the presence of pyruvic acid is due to the oxidation of 
lactic acid formed by the dismutation. 

2. The rate of the dismutation in Staph. aureus and Streptococcus faecalis is 
increased (up to 1000%) if boiled yeast extract is added. The nature of the 
“activator” in yeast is discussed. 

3. As by-product of the anaerobic metabolism of pyruvic acid small quanti- 
ties of succinic acid, equivalent to 1-2 % of the pyruvic acid metabolized, are 
formed. 

4. Data concerning the rate and degree of the oxidation of various substrates 
by Staph. aureus are given. The oxidations are also activated by yeast extracts. 
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the Medical Research Council. 
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ACCURACY OF THE “BRADYCARDIA” METHOD 
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Wirth the isolation of pure crystalline vitamin B,, and more lately its successful 
synthesis in the laboratory, it becomes of importance to know as precisely as 
possible its antineuritic activity in terms of the present international standard. 
The “bradycardia” method as used in this laboratory [Birch & Harris, 1934; 
Harris, 1934; Harris & Leong, 1936] and elsewhere [e.g. Baker & Wright, 1935] 
offered a convenient means of assay which possesses a degree of accuracy rather 
unusual among biological methods. During the course of the present work, four 
specimens have been examined by this method, three being natural and one a 
synthetic material: all have been found to show the same activity (within the © 
small experimental error). 
EXPERIMENTAL 


Technique. The details of the method adopted were essentially the same as 
those described in an earlier paper [Birch & Harris, 1934]. The principle of the 
method is to take rats suffering from a low rate of heart beat, as brought about 
by a diet deficient in vitamin B,. Single graded doses of the substance under test 
are administered, whereupon the condition is benefited in proportion to the 
amount of vitamin given. The period of time is noted which elapses until the 
heart is again beating at the same slow rate as when the dose was given. The 
following technical points may be specially noted. (1) Rats taken for test (piebald 
animals only) should be between 45 and 55 g. body weight. (2) In order, as far as 
possible, to minimize coprophagy a wide (e.g. $ in.) mesh-bottom should be fixed 
in the cages—all rats being kept in separate cages.1 


RESULTS 


In Tables I-IV are assembled the results of the various tests. As will be seen, 
a simultaneous comparison was made of three specimens of crystalline vita- 
min B, hydrochloride (one synthetic, and two natural) with the international 


1 Surprisingly enough, the tying down of the rat preparatory to the measurement of its heart 
rate and the insertion of the electrode needles have a negligibly small effect on the rate of its 
heart beat. Nevertheless a practice has been made, after the rats are securely fastened on the 
board, of stroking them gently for about 10 sec. before the electrocardiogram is taken. More 
recently, some measurements have been taken without the rat being tied down. The animal is 
held in the hand and the electrodes inserted in the usual positions. The heart rate was found to be 
the same when taken by either method. 

( 672 ) 
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standard during September to October 1936 (Table I). Another specimen of 
natural crystalline vitamin B,-HCl was examined in January to March 1936 
(Table II), and almost continuous tests on the international standard were made 
from May 1935 to October 1936 (Tables I and III). Since the responses produced 
by a given dose of international standard were found to be of the same average 
magnitude and to have approximately the same frequency-distribution curve on 
the various occasions, it can be concluded that there was little or no change in 


Table I. Simultaneous comparison of international standard with specimens of 
synthetic and natural crystalline vitamin B,-HCI 


Days cured 


J 


Amount 
Date Material given Individual animals* 
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w 
= 
a 
1 2 
1 & 
5 
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Sept.Oct. International standard 10 mg. 
1936 20 mg. 
30 mg. 
40 mg. 
Sept-Oct. Crystalline vitamin B,-HCl, 2-5y 
1936 natural, specimen No. II 5-Oy 
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Table II. Data for natural crystalline vitamin B,-HCl, specimen No. 


Days cured 
Amount — 
Date Material given, y Individual animals 





Jan.March Crystalline vitamin B,- 2-5 
1936 HCl, natural, specimen 5 
7: 


> 4, 
No. I 6 


4, 4, 4, 4, 5,5, 5 
6, 7, 7, 7; 


10-0 ; 


Table III. Data for international standard 


Amount Days cured 

given P 

Date Material mg. Individual animals Mean 
May 1935- LS. 10 2-91 
July 1936 





2 
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“Ione bo 


667.772 
8, 9, 9, 9, 9, 
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Table IV. Data for international standard, combined results (May 1935- 
October 1936), for construction of standard reference curve 


Dose No. of 
given Days observa- 
I.U. cured Frequency tions 

1 18 
26 y 
“82 +0-21 (= +76% 


Twice standard error 
of mean, 2«* 


Crm W ro 
no oO 


7 CO bo 


+036 (= +47:7% 


mm bo WOO m to © adm 3 09 


—_— 
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CW IHG WAI 
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+0-76 (= +9:5%) 


Y 


bo OIL GD Oo bo 


— 


WwWoenmsan 


-— 


ae 
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*e mae where o =standard deviation = af “pe where d =deviation from mean, n =number 
Vv ‘= 


of observations. 


Days cured 





? 
International units 


Fig. 1. Dose-response curve with international standard. 
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the “uncontrolled variables” of the experimental procedure, and hence for 
more adequate statistical treatment the results obtained with the international 
standard on the different occasions may be combined and considered together. 
These combined results for the international standard are summarized in 
Table IV.1 

Construction of dose-response curve. The arithmetical means of the responses, 
observed at each level of dosage of international standard, were used to construct 
a reference curve (Fig. 1). It will be seen that the relation is very nearly linear, 
within the particular ranges of doses under examination. Therefore to avoid 
unnecessary complication a straight line has been drawn, fitted to the observed 
means by the method of least squares. 

Calculation of activity of the various preparations. By using this reference 
curve, one may determine the number of international units corresponding with 
each of the responses produced by the different doses of crystalline vitamin B,- 
HCl, as given in Tables I and II. The findings are collected in Table V, and for 
each specimen a final value for the activity is obtained by calculation of the 
weighted means. 



















Table V. Comparison of various preparations of crystalline vitamin B,-HCl 
against international standard 





I.u.equi- Amount of specimen, 
valent to in y, equivalent to 









dose given 1L.v. 
Dose No. of Days (read from => 
given observa- cured curve, Individual Weighted 
Material y tions (mean) - Fig. 1) values mean 
Natural, specimen 2-5 4 2-25 0-60 — 
No. I 5-0 13 4-15 1-68 2-97 | 3.02 
7-5 11 5-75 2-60 2-88 - 
10-0 4 8-25 4-05 2-47. 
Natural, specimen 2-5 4 2-75 0-88 a) 
No. II 5-0 7. 4-43 1-84 2-72 | oe 
75 4 5-75 2-60 2-88 | > 
10-0 t 6-75 3-18 3-14 
Natural, specimen 2-5 4 3-00 1-03 onl 
No. Ii 5-0 10 4-30 1-76 2-84 1 2-83 
75 4 5-75 2-60 2-88 | a 
10-0 + 6-75 3-18 3-14 
Synthetic 2-5 + 2-75 0-88 ae 
5-0 10 4-50 1:87 2-67 | 2-75 
75 4 5-75 2-60 2-88 | om 
10-0 4 7-50 3-60 . 2°74 






Conclusions. It will be seen from the last column of Table V that almost 
identical values are obtained for all four specimens of crystalline vitamin B,-HCI, 
viz. 2-8-3-0, with a good mean value of 2-9. (These values are expressed as y of 
crystalline vitamin B,-HCl per 11.0.) We may reasonably conclude that the 
differences found are not statistically significant: the number of observations 
made on each specimen varied from 19 to 32, and, from the data calculated below, 
twice the standard error of the mean under these circumstances should be about 
+10%, i.e. the error is within the observed variation. 












In ordinary routine assays for vitamin B, it is, in our opinion, always advisable to carry 
out simultaneous tests on both unknown and standard (preferably with at least two levels of each 

since, under varying conditions, the dose-response curve may alter appreciably from one experi- 
ment to another. 
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A combined dose-response curve for the data of Table I, given in Fig. 2, 
illustrates the precision of the method and the agreement between the different 
specimens. 
Scale for crystalline vitamin B,-HCl, y 


255 50 755 10°0 
oa a T 


Days cured 





10 20 30 40 
Scale for international standard acid clay, mg. 
Dose given 
Fig. 2. Simultaneous comparison of 1.s. and synthetic and natural specimens of 
crystalline vitamin B,-HCl. 


The scales are adjusted so that 10 mg. Ls. (i.e. 1 1.U.)=2-9y erystalline vitamin B,-HCl. 
© International standard; @, Natural, specimen No. II; @- Natural, specimen No. III; 


@ synthetic. 


Comparison with results of other workers. The values we have obtained are 
compared with the recent findings of other workers in Table VI. 


Table VI 


Amount in y 


equivalent 
to lt1.v. Method used 


Ohdake & Yamagishi [1935] 1-6 Pigeon curative 

Waterman & Ammerman [1935] Rat growth 

Kinnersley & Peters [1936] 2 Pigeon curative “‘Catatorulin” 
tests 


Cure of convulsions in rats 


Authors 


Jansen [1936] 
Leong & Harris: 
Natural, specimen No. I i 
Natural, specimen No. II 2: “ Bradycardia” 


Natural, specimen No. III 
Synthetic 
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A comparison of various natural preparations was made by Heyroth [1936], using the method 
based on the cure of convulsions in a rat. He found values of 80-7 and 91-3 for the relative 
potencies of specimens (supplied by Ohdake) from yeast and rice respectively, taking a prepara- 
tion obtained from Peters as 100. He adds: “the differences between them [the three specimens] 
appear to be only slightly beyond the limits of accuracy of the method”. 


From the results of the present tests, 1 1.0. of the standard acid clay as at 
present issued may be taken as approximately equivalent to 3y of crystalline 
vitamin B,-HCl. 


STATISTICAL STUDY OF ACCURACY OF THE METHOD 


From the collected results for the international standard material given in 
Table IV it will be seen that the distribution of responses to a given test dose 
forms a curve of frequency of approximately normal type (within the limits of 
the number of observations made). The same is true of crystalline vitamin B,- 
HCl (Tables I and II). It is convenient therefore to base the calculations as 
to the degree of accuracy of the method on the collected results for the standard 
acid clay, as a large number of tests have been made with this material. (The 
results with the various specimens of crystalline vitamin B,-HCl have also been 
submitted to a different method of statistical treatment by Dr J. Wishart (see 
below). The conclusions reached are identical.) 

(1) Calculation of standard error of mean. In Table IV the standard error of 
the mean has been calculated for the mean response observed at each level of 
dosing. The last column gives the corresponding values of +2e. To take an 
example: with a level of dosage of 11.v., the standard error of the mean of the 
results of 51 tests is + 0-107, or twice the standard error is +0-21, i.e. 76%. 
This latter statement means that the probability is 21/22 that the mean obtained 
is within +7-6 % of the true value. 

It will be noticed that very similar standard errors are obtained at all levels 
of dosing when they are expressed on a percentage basis. 

(2) Calculation of standard deviation (c) of a single observation. In Table VII 
the standard deviations of the mean responses observed have been calculated 


Table VII. Standard deviation of a single observation 


Standard deviation 
Dose of standard on 


No. of acid clay Days cured ae 
tests (I.U.) mean V n-1 
51 1 2-78 +0-77 (= +28%) 
51 2 4-67 +1-31 (= +28%) 
49 3 6-73 +1-55 (= +23%) 
27 4 8-11 +1-98 (= +24%) 
(=+26% 


Weighted mean — = 


for each level of dosing. In order to afford a proper comparison, the results of this 
calculation have also been expressed as a percentage of these mean responses. The 
average (weighted) standard deviation for a single test is seen to be about + 26%. 
(There is little variation from this percentage value at different levels of dosing.) 
This finding means that two out of every three observations may be expected 

to give a response lying within + 26% of the mean value. 
' (3) Calculation of degree of accuracy attainable with different numbers of tests. 
Fig. 3 shows how the degree of accuracy which may be expected in an assay 


increases as an increasing number of animal tests are made. To obtain this curve 


the standard error of the mean ( ¢, where « = a) has been calculated for different 


values of n, and the results plotted. 
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To cite some concrete examples: If only three tests are made (i.e. three 
doses fed once to-three animals) the probability is 21/22 that the result obtained 
will be within +30% of the true value. Or, if five tests are made, the mean 
result will be within + 22% of the true value 21 times out of 22. With 20 tests 
the accuracy has so increased that the error is only + 12% 21 times out of 22. 


0 —aalliniaians ll = — 
012345 10 20 30 40 50 


No. of tests 


Fig. 3. Accuracy obtainable with different numbers of tests. The ordinates represent + 2¢, 
where «=the standard error of the mean (expressed as a percentage) obtained with different 
numbers of tests (one ‘‘test’’ means one animal given one dose on one occasion). 


In actual practice, the ‘‘20 tests” referred to in the last sentence will often 
consist not of 20 such tests of response all at the same level of dosing of one 
substance, but (say) of five tests of standard at two levels each, plus five tests of 
unknown at two similar levels of activity. Under such circumstances, i.e. if a 
standard reference curve be not used, the total error of the test would be worked 
out as follows. 

Since the percentage standard error of the mean of the response at the level 
of (say) 1 1.U.=that at 21.0.=that at 3 1.U.=that at 4 1.U. (see Table IV), hence 
the s.£. with two levels of dosing involving five tests at each level is approxi- 
mately the same as the s.z. of the mean of ten tests. From Fig. 3 it will be seen 
that 2e=+16%. Approximately the same error will be expected with the 
5+5 tests of unknown, ie. +16%. 

Hence the total error = + /(€,?+€5”) =/ (167+ 16?) =22%. 

Dr J. Wishart in the following appendix has been kind enough to submit our 
figures to an independent statistical analysis, which has yielded similar con- 
clusions to those of our own method of calculation. 


APPENDIX 
By J. WISHART 


Calculations on the data of Table I' are tabulated below. The principal 
conclusions to be drawn are: 

(1) There is no difference of statistical significance between the various 
specimens of crystalline vitamin B,-HCl. 

1 In Table I the duration of cure in days is given to the next largest integer. Thus a cure of 
over 2 days but less than 3 is counted as 3 days. The numerals shown in italics in Table I 
represent examples of such cures of intermediate duration. For the purposes of the present calcu- 
lations a cure of 3-4 days is counted as 3-5 days, 4-5 as 4-5, etc., P. C. L., L. J. H. 
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(2) The error as determined by this alternative procedure is virtually the 
same as that calculated in the body of the paper. The further conclusions given 
above therefore hold good. 

The data have been treated to an analysis of variance. For this purpose the 
figures for ‘““days cured” with international standard were first scaled down 
from the reference curve to be equivalent to 2-5, 5, 7-5 and 10y. We then have 
16 samples of variable size, representing four quantities of four treatments, and 
the data can be analysed as follows: 





Degree of Sum of Mean 

freedom squares squares 
Amount given 3 180-31 60-10 
Kind of material 3 0-44 0-15 
Interaction 9 4-14 0-46 
Error 67 36-40 0-54 


221-29 





82 


The first two items are (1) the weighted sums of squares of deviations from the 
general mean of the means for all materials at the 2-5, 5, 7-5 and 10y levels, and 
(2) the same calculation for the four materials, the samples being bulked for all 
amounts given. The sum of squares with 82 D.F. is the sum of squares of 
deviations of all individual figures from the common mean. The part for inter- 
action+error (76 D.F.) is then obtained by subtraction. But the error alone 
(67 D.F.) can be got directly by taking the sum of squares of deviations from each 
sample’s mean and adding all the results together. It is assumed that the 
numbers of observations at different levels of dosage are in proportion for all 
materials, which is nearly correct. 

The mean square for “kind of material” is only 0-15, less than error 0-54. 
Thus there is no difference between the various materials and international 
standard. 


The standard error of a single observation is ./(0-54) =0-73. The s.£. of the 


O73 0-102, compared with 0-107 obtained from the 





mean of 51 observations is 


more extensive international standard data only. 

A further analysis of the error (67 D.F.) is illuminating. This can be calcu- 
lated either (a2) within each material (bulking for amount given) or (6) within 
amounts given (bulking for materials). The results are as follows: 








Sum of Mean Standard 


D.F. squares square deviation 
(a) International standard 16 1-48 0-092 0-30 
Crystalline vitamin B,-HCl, natural, 15 9-86 0-657 0-81 
specimen No. 
Crystalline vitamin B,-HCI, natural, 18 11-02 0-612 0-78 
specimen No. III 
Crystalline vitamin B,-HCl, synthetic 18 14-04 0-780 0-88 


36-40 








2-5y 2 3-34 0-279 0-53 
5-Oy 31 15-67 0-505 0-71 
T-5y 2 11-16 0-930 0-96 
0-0y 12 6-23 0-519 0-72 


1 


36-40 


The values obtained for the standard deviations in (b) above may be compared 
with those given in Table VII, viz. 0-77, 1-31, 1-55 and 1-98. The standard 
deviation as here calculated is lower, but so is the mean (see Table VII). 
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SUMMARY 


1. The “bradycardia’’ method has been used to make a precise assay of the 
antineuritic potency of crystalline vitamin B, hydrochloride. Three specimens 
from natural sources, together with one synthetic preparation, have been 
examined, and all agree in showing a potency of 2-8-3-0y per 11.v. (This 
variation is within the probable experimental error of the method: twice the 
standard error of the mean, under the conditions of the test, being approximately 
+10%.) 

2. A statistical analysis has been made of the data obtained in experiments 
in which graded amounts of international standard and “unknown” were 
administered, involving a total of upwards of 270 separate tests. It is shown that 
the accuracy of the method is such that the probability is 21/22 that the mean 
result will be within + 22% of the true value when five “‘tests”’ are made, or 
within + 16% for ten tests, + 12% for 20 tests, + 9% for 30 tests, or +8% for 
40 tests (each “test”? means one dose given on one occasion to one rat). An 
appendix (by J. Wishart) confirms these calculations by an independent method 


of analysis. 


We are grateful to the Vitamin B, Sub-Committee of the Accessory Food 
Factors Committee of the Medical Research Council, to Dr van Veen of the 
Geneeskundig Laboratorium, Batavia, and Messrs Merck of Darmstadt for the 
gift of specimens of the materials tested. 
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I. THE EFFECT OF SUPERIMPOSING RAW AND 
BOILED MILKS ON A DIET ADEQUATE 
FOR MAINTENANCE 









THE main series of experiments which are described in this paper really comprise 
an investigation of the effects of moderate overfeeding on the protein meta- 
bolism of man, although they owe their origin to the untoward results which 
were obtained during a re-examination of certain observations which had come 
to our knowledge and which had indicated that a difference existed between the 
nutritive values for the adult of the proteins of raw and boiled milks. The 
dietary method which was adopted in these experiments was of the super- 
imposition type, and as the work proceeded it became obvious that retention 
phenomena of an unexpected nature were occurring and were of such an order as 
to disturb seriously our interpretation of this type of experiment in dietary 
studies. Thus the original design of the investigation was submerged in an 
attempt to elucidate these remarkable phenomena and in the process some 
fresh light has been shed on an old and largely forgotten chapter of physiology 
in which the observations of Voit [1869], v. Noorden’s pupils [Milroy, 1907], 
Rubner, [1903], Grafe and co-workers [1910; 1911; 1923; Eckstein & Grafe, 
1919] and Neumann [1919] had already indicated that N retention may result 
from overfeeding. 


















EXPERIMENTAL 


The subjects selected for these experiments were students and members of 
the teaching staff performing routine laboratory duties. They were all of good 
physique. During the experimental period they took no special exercise apart 
from short walks of a relatively uniform character. 

( 681 ) 
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Urine was collected in 24-hour specimens, made up to constant volume and 
preserved with thymol in chloroform. The various periods during which faeces 
were collected were marked off with carmine, taken in the form of capsules. 
The faeces were acidified with H,SO, and dried on a steam-bath and in an air- 
oven before being stored in sealed bottles. The analytical methods adopted were 
similar to those already employed by one of us [Cuthbertson, 1929}. 


First series. One-day superimposition experiments 


Seven healthy male subjects of good physique ranging in age from 19-35 years 
were placed on self-selected constant basal diets comprised of white and brown 
breads, 100 g. fresh butter, cheese, 500 ml. raw milk (Grade A, T.T.), apple 
jelly and raw apples. The water intake was kept constant. Subjects 5, 6 and 7 
received lettuce and tomato in addition. The diet was consumed in four meals 
per day. The calorie and protein intakes are given in Table I. The variations in 
protein intake among the members of the group are mainly due to differences in 


the consumption of cheese. 
Table I 





Initial Final % first 
body wt. body wt. class 

Subject Age kg. kg. Cal./kg. — Prot./kg. protein 
(1) Gi. 19 66-75 66-70 45 1-09 51 
(2) Gr. 20 74:3 74-70 37 0-82 4l 
(3) Or. 19 56-6 56-90 51 1-21 54 
(4) St. 21 74-9 74-80 39 1-01 52 
(5) Cu. 35 87-0 86-70 34 0-92 33 
(6) Mu. 20 60-2 60-25 45 1-16 30 


(7) McC. 29 56-1 57-0 52 0-87 25 


A fairly steady urinary excretion was observed on the basal diets. Although no 

determinations of the faecal N excretion were made in this series the individuals 
were probably in N equilibrium on these diets. This is supported by the fact 
that the body weights tended to remain constant during the experimental periods 
which lasted 3-5 weeks. Subject 7 was the only person to show a definite increase 
in weight during the period (0-9 kg. in 4 weeks). This was due to the higher 
calorie diet selected. 

Having established equilibrium Subjects 1-7 received on one day an extra 
litre of milk, the extra intake of water in the milk being compensated by a 
withdrawal of an equivalent volume of drinking water. As soon as N equili- 
brium was re-established the addition of extra milk was repeated. The order of 
administration is indicated in Table II, the extra milk being consumed in two 
lots of 500 ml. each, at 1 p.m. and 5 p.m. 

It may be noted here that even when boiled milk was superimposed on the 
basal diet the latter contained its usual quota of raw milk. A constant basal 
intake of raw milk was maintained so that if any differences were subsequently 
apparent in the fate of the N of the milk, these could definitely be ascribed to a 
change in the protein caused by boiling, and not to some unknown deficiency in 
the diet which might be presumed to be due to the absence of raw milk. 

During the month of May 1935 when Subjects 1-4 were on diet the average N 
content of a litre of Grade A, T.T. milk was 5-58 g. and during July when 
Subjects 5-7 were on diet, 5-63 g. In boiling the milk a cast aluminium pan was 
used, the milk being stirred constantly till the boiling point was just reached. 
It was then cooled. The skin and residue which stuck to the sides and bottom of 
the pan were consumed. 
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Table IT 


Extra 
milk 
Basal N (urine) g. prior to each N per Rise of N over basal Rise of S 
milk supplement litre (urine) g. over basal 
Sub- _ : ——————, , Type of —————’ (urine) g. 
ject Calories 1 2 3 + av. milk Istday 2ndday Total Ist day 
] 2932 11-02 11-27 11-69 — 5 Raw 1-85 1-52 3: 0-205 
Boiled 2-03 1-50 3° 0-202 
Raw 1-32 1-45 2: 0-155 
2674 9-18 9-06 9-33 ° Raw 0-26 2-00 0-137 
Boiled 0-17 ° 0-140 
Raw 1-22 2- 0-166 
2909 =: 10-45 10-70 «11-18 Boiled 0-47 2-52 0-151 
Raw 0-181 
Boiled 0-200 
Raw 0-169 
0-138 
0-161 
0-179 


wo eee 
onos 
oof > 


0-34 
0-36 
0-61 
1-38 
1-87 
0-00 
0-66 
1-26 
0-46 
0-54 
0-19 
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In Table II are recorded the amounts of extra N excreted by the different 
individuals on the day of ingestion of the extra milk and the day following. 
The differences between raw and boiled milk are not statistically significant 
(Table III). The data for Subject 7 are excluded from the analysis. 


Table III. Statistical summary of data on Table II 


N 

ES 8 

Ist day 2nd day Total 2 days Ist day 
“4 ee 





r 


Rew  Beled Rew Beled Raw Belied Raw Boiled 


Mean 1-683 1-980 0-889 0-697 2-571 2-677 0-168 0-168 
S.D. 0-1923 0-4494 _ _ 0-5495 0-8228 — _ 


Urea paralleled the total N excretion whereas ammonia exhibited a steady 
rate of elimination. Total sulphates paralleled the total N and urea-N output 
but the excess output appeared to be all excreted on the first day, indicating a 
more rapid elimination of S, a fact in harmony with most work on N and S 
metabolism. The mean of the excess S excretions over basal was 0-168 g. S for 
both raw and boiled milk. This emphasizes the fact that no significant difference 
in the quality of raw and boiled milk proteins could be detected under these 
experimental conditions. The variability in the excess N excretions in these 
experiments is due to the fact that the individual’s reaction to a superimposed 
protein is never quite the same each time. This was confirmed by noting the 
reaction of Subject 7 to the ingestion of 1 litre raw milk on three separate 
occasions, N equilibrium having been established in the intervals. The excess N 
outputs were 1-84, 2-21 and 1-25 g. 
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The mean percentage retention of the extra milk N was 54, that of S, 53. 
The material retained during these raw and boiled milk experiments had 
apparently an S: N ratio of 1: 13-4 and 1: 13-9 respectively. Since the extra 
milk ingested had an S: N ratio of 1 : 15-5 this would indicate that the material 
stored was richer in S than that ingested. The S: N ratio is close to that found 
in the urine during the later days of a starvation period. 

To test if the capacity of the organism to retain milk N was equal to or greater 
than its capacity to store the N of an equivalent amount of sodium caseinogenate, 
Subject 6 ingested a litre of sodium caseinogenate solution in place of a litre 
of milk. Only 33% of the caseinogenate N was retained as compared with 
retentions of 56% and 69% noted with raw and boiled milks. It appeared as 
if the non-protein moiety of the milk contributed to the storage of the N. The 
question naturally arose as to whether this extraordinary retention would still 
occur when the period of milk ingestion was prolonged. For this purpose a 
second series of experiments was designed. 


Second series. Eight-day superimposition experiments 


Subjects 5 and 6 took part in this series. The basal diets were identical in 
quality with, and only slightly different in quantity from, those selected in the first 


Table IV 
9 
Total first 
Initial Total protein Protein/kg. class 
Diet Subject body wt. Cal. Cal./kg. g. g. protein 
Basal 5 86-2 3300 38 86 -00 31 


61-5 2850 46 71 “Li 30 


Basal + 1000 ml é 86-2 3980 46 121 oe 51 
milk 61-5 3530 57 106 “72 53 


Anticipated level of urinary N 
assumung all extra milk N absorbed 
ForZ boiled — 
“raw > 
Anticipated level of urinary N 
assuming all extra milk N absorbed 


| boiled 
For< raw => 
Basal + raw 
Basal + boiled 
Additional 


i 
<—_— 1000 ml. milk—> 
daily 


Urine total N g. 


Basal + boiled 
NY 


Basal+raw. 7 


Urine total N g. 


Additional 1000 ml. 
milk daily 


Body wt. kg 
Body wt. kg. 


12 7 12 7 
Subject 5. Days of experiment Subject 6. Days of experiment 
Fig. 1. Fig. 2. 


Figs. 1 and 2. The effect of superimposing a litre of raw or boiled milk 
on a diet adequate for maintenance. 
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series and were consumed in the winter of 1935-36. The ingestion of the extra 
litre of milk increased the total caloric value and protein content of the diets 
by some 680 Cal. and by 35 g. protein (first class). It was continued for a period 
of 8 days in each instance. 

Subject 5 consumed the extra raw milk in two equal lots at 1 p.m. and at 
4.30 p.m. Subject 6 drank the litre of milk at 9.15 a.m. 

Following the first experimental period which lasted about three weeks there 
was am interval of a fortnight on normal diet before the procedure was repeated 
with boiled milk of the same quality as the raw. 

It will be noted that the urinary N excretion exhibits the same general 
trend in the same subject irrespective of the treatment of the milk (Figs. 1 
and 2, Tables V and VI). The two subjects behaved rather differently to 


this extra milk N. 


Table V. Subject 5. Eight days’ superimposition of raw 
and boiled milks 














Body Daily Urine N output daily, g. 
weight N intake vol. = —— —_—— 
Diet kg. g. ml. Urine Faeces Total 
Basal 3300 Cal. — 14-85 2260 13-15 
86-25 2185 12-57 
86-20 1880 12-47 A 
Mean 12-73 1-967 14-70 
Basal +1 litre raw milk 86-60 20-63 1476 14-23 1-963 
3980 Cal. 86-80 1605 14-81 
— 1548 15-42 
86-90 1365 15-18 
86-90 1760 15-92 
— 2100 16-45 
87-15 1755 16-46 
87-10 2065 16-15 . 
Total 8 days 124-62 15-70 140-32 
Basal 3300 Cal. 86-60 14-85 1955 13-36 
86-00 1480 13-47 
86-50 1510 13-05 
Total li days 164-50 
Basal 3300 Cal. 85-90 14-97 2015 13-55 1-967 
_ 1755 12-66 
86-60 1860 12-59 
a 1930 13-33 
86-40 2070 12-48 
Mean 12-92 
Basal+1 litre boiled milk 86-50 20-78 1375 14-37 2-396 
3980 Cal. —_— 2095 15-43 
a 1870 15-19 
— 1830 15-07 
87-05 1705 16-17 
— 1900 16-15 
87-0 2140 15-66 
87-05 1705 15-95 ie Seek 
Total 8 days 123-99 19-17 143-16 
Basal 3300 Cal. — 14-97 1870 13-64 
86°35 1775 13-84 
—_— 1700 12-22 





Total ll days 164-69 


> 


43—2 

















Diet 
Basal 2850 Cal. 









Basal + 1 litre raw milk 
3530 Cal. 









Basal 2850 Cal. 






Basal + 2850 Cal. 


















Basal + 1 litre raw milk 
3530 Cal. 









Basal 2850 Cal. 












Subject Period 


5 Pre-raw 








6 Pre-raw 






Pre-meat 
Pre-soya 









Pre-boiled 
Pre-meat (1) 
Pre-meat (2) 


Pre-boiled 


Body 


weight 


kg. 
61-85 
61-90 
61-85 
61-60 
61-70 
61-65 
61-50 


61-40 
61-60 
61-60 
61-75 
62-05 
61-90 
61-40 
61-75 


61-95 
62-00 


60-50 
60-55 
60-25 
60-30 
60-60 
60-40 


60-50 
60-70 
60-60 
60-75 
60-90 
61-15 
60°55 
61-15 


DAD 
—— 
mm ho 
Cr or or 


gat 
Urine 


Daily 
N intake 


12-73 
12-92 
12-26 
12-46 

9-85 
10-30 

9-67 
11-09 





Y 


Urine 


vol. 
ml. 


1520 
1465 
2023 
1982 
1652 
1996 
2216 
1997 


1384 
1397 
1667 
1450 
1875 
1748 

990 
1810 


Total 8 days 


1955 
1725 
1410 


Total 11 days 


1740 
1770 
1568 
1550 
2262 
1725 





1677 
1628 
1731 
1445 
1844 
2012 
1728 
1610 


Total 8 days 


1940 
1840 
1548 


Total 11 days 


Table VII 
Output, g. 








Faeces 


10-30 





9-20 

9-64 
10-21 

9-75 
10-38 

9-79 

9-41 
10-38 

9-85 
12-64 
13-19 
13-24 
13-62 
13-55 
13-51 
12-79 
12-68 


105-22 


10-96 
9-68 
9-76 


135-62 


9-36 
10-89 
10-54 
10-56 

9-94 
10-30 


11-73 
12-92 
12-95 
13-17 
13-36 
14-04 
13-47 
13-00 


104-64 


10-89 
10-27 
10-38 


136-18 


14-225 
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Table VI. Subject 6. Eight days’ superimposition of raw and boiled milks 


N output daily, g. 
oe ee 


Urine Faeces 


1-591 










Intake 
g. 
14-85 
14-97 
14-97 
15-23 


12-02 
11-98 
12-11 
12-11 


* The basal faecal N was not determined during the pre-raw period. The value obtained 
during the pre-boiled period is adopted. 
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Table VII contains the N balance data for the basal periods of these and 
subsequent experiments. The apparent retention of +0-15 and +0-09 g. N per 
day noted in the pre-raw and pre-boiled milk periods of Subject 5 point to slight 
negative balances since the cutaneous N losses must have exceeded these values. 
In the case of Subject 6 true balances probably existed, for the second milk 
period was carried through during a colder spell of weather than the first and 
hence there would be less loss of N by the sweat. Taking the sweat N loss as 
0-5-1-0 g. per day N intake practically equalled N output in the case of Subject 6 
when on basal diet. 

It is apparent that a very definite retention of milk N occurred during these 
experiments and that the retained N appeared to remain stored within the 
organism on return to basal diet. The evidence on this latter point was some- 
what equivocal. 

In computing the percentage retention of the additional food N the following 
calculation was used: 


Excess N intake Excess N output (urine + faeces) over 8 mr 100 
over 8 days +3 days of post-milk period 
Excess N intake over 8 days 
















Table VIII. Subjects 5 and 6. N balance during 8 days’ extra milk intake 
and during first 3 days of subsequent basal period 















Output g. Reten- Extra % 
Sub- Basal a, tion intake extra N 
Milk ject excretion Urine Faeces Total g. g. retained 
Raw 5 160-48 164-50 21-60 186-10 20-62 46-24 44-6 
6 121-66 135-62 16-36 151-98 15-92 46-24 34-4 
Boiled 5 163-76 164-69 26-36 191-05 19-19 46-48 41-3 
6 126-61 136-18 16-11 152-29 20-80 46-48 44-8 









Of the extra raw and boiled milk N respectively 44-6 and 41-3 % were retained 
by Subject 5, and by Subject 6, 34-4 and 44-8%. 

These retentions are of approximately the same order and confirm the 
marked storage of superimposed milk N witnessed in the earlier series and 
substantiate the fact that no real difference exists between the nutritive values 
of the proteins of the two milks as determined by this method in the adult or 
adolescent subject. 

These extraordinary N retentions were coupled with increases in body weight. 
Utilizing Rubner’s value of 1 g. N as being equivalent to 33 g. body substance 
(mainly muscle) we have calculated the expected weight increase from the 
N retentions and compared it with the actual (Table IX). 













Table IX. Body weight changes (kg.) 














Raw milk Boiled milk 
; : sa 
Weight Calcu- Weight Caleu- 
after lated after lated 
Sub- Basal extra Weight weight Basal extra Weight weight 
ject weight raw increase increase weight boiled increase increase 
5 86-40 87-12 0-720 0-680 86-45 87-0 0-550 0-640 
6 61-45 61-85 0-400 0-530 60-45 61-20 0-700 0-690 
Meat exp. over equivalent period 





6 61-58 62-35 0-770 0-460 












It is apparent that the calculated data fit the actual with a reasonable degree 
of accuracy considering the many factors which may influence body weight. 
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The increments in weight of Subject 5 were not maintained on return to basal, 
there being an immediate loss of weight. No significant difference could be 
detected in the alteration in body weight which occurred through feeding raw 
and boiled milks in this case. The fact that the rise in body weight was not 
maintained on return to basal suggests that the bulk of the material stored during 
the period of surfeit feeding was apparently not required by the organism to 
improve its ‘‘nutritive state”’. 

The assumption has been made in all these experiments that the additional 
milk protein is all absorbed. In view of the fact that there was a slight incre- 
ment in the faecal N during the periods of extra milk intake this assumption may 
perhaps appear unjustified. It is uncertain, however, how much of this additional 
faecal N may have arisen during the passage of the increased bulk of mineral 
matter down the alimentary canal. Even if the whole of this additional faecal N 
represents unabsorbed milk N, the loss by this route would not have exceeded 
8% of the additional N intake. 

In the case of Subject 6 the weight changes were rather peculiar in that the 
steady gain in weight on both types of milk was broken on the seventh day of 
additional milk. This loss in weight was transitory, being made good the day 
following. On return to basal conditions the body weight did not fall but was 
maintained during the two to three days of the post-milk period. This is in 
striking contrast to the marked fall in body weight of Subject 5 on the first day 
of the post-milk period. This fall was not coupled with a diuresis and so it is 
not accounted for by a loss of water. 

In a subsequent experiment Subject 6 consumed daily, beef+lactose+ 
butter, equivalent in protein content and caloric value to a litre of milk. No fall 
in body weight took place for some time during the period of observation 
following the resumption of the basal dietary. The presumption is that we are 
dealing here with the reaction of the adolescent in contrast to the adult as 5 was 
aged 36 years and 6, 20 years. 


The metabolism of calcium following the superimposition of raw and boiled 
milks on a diet adequate for maintenance 


In view of the marked retentions of milk N it was considered of interest to 
determine if the same phenomenon occurred with the Ca of the milk. For this 
purpose the Ca balance was investigated during the periods of high milk intake. 
The data for Subject 5 are given in the following table: 


Table X 


Ca g. 





- — 
Raw milk Boiled milk 
Urine (8 days) 1-596 1-323 
Faeces (8 days) 17-254 17-520 
Total excretion 18-850 18-843 
Basal excretion 9-666 9-495 
Extra Ca excreted 9-184 9-348 
Extra Ca intake 9-797 9-912 
Milk Ca retained 0-613 0-564 
°% retained 6-26 5-69 


It is obvious that compared with the N retentions the retentions of Ca are 
slight, and indicate no real difference between raw and boiled milks. 

It is not in the province of this paper to enter into a discussion of the relative 
merits of raw and boiled milk. It will be convenient however to consider 
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briefly (1) the nature of the changes, if any, produced in the protein moiety of 
the milk by boiling, and (2) the effect of boiling on the retention of milk N. 

Boiling milk causes only one significant change in the proteins and that is a 
coagulation of the albumin and globulin fraction [Kieferle & Gloetzl, 1930]. 

Metabolism experiments on infants are few in number and Morris & Graham’s 
[1933; 1936] are the most satisfactory. Their results indicate that boiling milk 
does not interfere with its usefulness as a source of dietary protein. According to 
Symington [1936] the rate of digestion of the proteins of milk in the stomach is 
unaltered by boiling the milk. We have not detected any significant difference 
in the specific dynamic actions exerted by a litre of raw or boiled milks. 

The remarkable fact about the experiments which we have described is the 
unexpected and considerable retention of N and S which occurred when a litre 
of milk was superimposed on a diet adequate for maintenance of the pre- 
experimental body weight, a retention unaffected by boiling the milk. 


















II. THE SUPERIMPOSITION, ON A DIET ADEQUATE 
FOR MAINTENANCE, OF BEEF (OR SOYA FLOUR) 
+LACTOSE+ BUTTER, EQUIVALENT IN PROTEIN, 
CARBOHYDRATE AND FAT CONTENT TO A LITRE 
OF MILE 








In the first part of this work attention has been directed to the remarkable 
retention of N and S which may occur in 
the adult human organism during the super- 






. Lactose 
Anticipated level substituted by 
of urinary N isocaloric 





imposition of milk on an already adequate cmoningsl  cpiient 


of butter 






diet. The question naturally arose as to 
whether this marked storage of N would 
occur when some other protein of animal 
origin was superimposed. To determine this 
point the experiments were repeated super- 
imposing on the same basal diet, lean beef 
with supplements of lactose and butter so 
that the final quantities of protein, fat and 
carbohydrate ingested daily were equivalent 
to these principles in the extra litre of milk. .. © 
For this 160g. lean topside beef (av. 
T.N.=5-68 g.), 46g. lactose and 35g. 
butter were required. Water equal in 
volume to the water content of the milk 

was drunk at times corresponding to the "6 12 18 24 30 
extra ingestion of milk. Days of experiment 

; Over the first 8 days of the super- Fig. 3. The effect of superimposing beef + 
imposition period Subject 6 exhibited a lactose +butter daily equivalent in pro- 
retention of N representing 31-4% of the _ tein, carbohydrate and fat to a litre of 
additional intake. On a similar basis the ™- Subiect 6. 

retentions observed with raw and boiled milk were for this subject, 36-3 and 
46-1 % respectively. 






u ¥ 
Basal + 160g. beef 
[3 g- lactose 








+35 g. butter 
3550 
eal. 






Urine total N g. 







62 


Body wt. kg 
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In order to determine the effect of this continued superimposition, the 
additional food was continued for a total period of 15 days (Table XI, Fig. 3). 


Table XI. Subject 6. Superimposition of beef + lactose + butter. 


N output daily, g. 
Day Body Daily N =  ##"“ 
of weight intake Urine 
exp. Daily diet kg. g- vol. ml. Urine Faeces Total 


Basal (2850 Cal.) 62-05 12-10 1520 10-06 
62-20 1660 9-53 
61-70 2190 10-30 
61-30 1930 9-15 
61-65 1240 9-39 
61-65 1571 9-60 
61-45 1565 9-63 
61-25 1589 9-77 


Average (1-8 days) 12-10 968 118 10:86 


9 Basal + 160 g. beef 61-20 17-925 1794 12-93 
10 +46 g. lactose + 61-20 2052 13-10 
11 35 g. butter (3550 61-40 1583 13-34 
12 Cal.) 61-60 1570 13-57 
13 61-90 1620 13-95 
14 Lactose replaced with 62-25 1577 13-69 
15 butter 62-35 1835 13-77 
16 62-20 1847 14-12 


Total (9-16 days) 143-40 108-47 10-40 = 118-87 


17 Lactose restored 62-45 17-925 1630 13-16 
18 62-45 1790 14-38 
19 62-50 1907 13-54 
20 62-60 1490 14-42 
21 62-60 1725 14-23 
22 62-50 1425 14-25 
23 62-50 1895 14-84 
Total (9-23 days) 207-29 19-50 226-79 


24 Basal (2850 Cal.) 62-30 2052 11-00 
25 62-40 1757 10-48 
26 62-45 1847 10-49 
27 62-75 1680 11-03 
28 — 1720 10-63 
29 62-45 1740 10-54 
30 62-30 1907 10-30 
31 61-65 1925 10-81 
32 61-35 2195 10-41 


Table XII. Subject 6. N balance during 15 days’ extra beef intake and 
during first 3 days of subsequent basal period. 


Output, g. 
Reten- Extra % 
Basal Urine Faeces Total tion intake extra N- Body wt. 
excretion g. g. g- g. g. retained _ increase 
195-48 239-26 23-04 262-30 18-55 85-37 21:7 ~— ca. 1000 g. 
(618 g. 
flesh*) 


* On basis of 1 kg. body substance=30 g. N (mainly muscle). 


The urinary N excretion slowly rose reaching a maximum value on the 
fifteenth day of the experiment—a value still short of that to be expected if N 
equivalent in amount to the daily additional intake of N were excreted. N 
equilibrium was therefore still unattained although the degree of retention was 
steadily becoming less. On reverting to the basal intake again the curve of 
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urinary N fell to a new more or less constant level in the course of two days. 
A slow elimination of the retained N appeared to take place, so slow that it 
scarcely affected the body weight, for coupled with the retention of N there had 
occurred a slow increase in body weight which was maintained during the 
subsequent first 8 days of the basal period. The body weight fell on the 9th day 
of basal diet and by the following day had reached its original level. In this 
respect the experiment corresponds to the previous experiments on Subject 6. 
The actual body weight increase was about 1 kg. whereas that calculated from 
the N retention gave a value of 618 g. assuming that the material stored had a N 
content comparable to muscle. 

Exchanging an isocaloric equivalent of butter for the lactose did not appear 
to affect the trend of the N retention apart from causing an initial lag in N 
excretion. 

The retention of N in this experiment was 21-7 % over the period of 15 days 
(31-4 % for the first 8 days), account being taken of the first 3 days of return to 
basal diet. 

In the light of our observations we have analysed the data accumulated by 
Wilson [1930; 1931] in the course of his study of the fate of the N and S of meat 
supplements. Wilson assumed that when a relatively constant excretion of N 
and § was attained these outputs represented the total N and S absorbed from 
the alimentary canal. This involved assuming a coefficient of absorption of only 
75%. Recalculation of his data shows that in his case also an extraordinary 
retention of N and S took place when the basal ration was supplemented with 


mare beet etiy. Soya bean experiment 


To determine the effect of a supplement of good vegetable protein the fore- 
going experiment was repeated using in place of beef, 81 g. ““Soyolk”’ (T.N.= 
5-7 g.) with the necessary supplements of butter and lactose to make the addition 
comparable to a litre of milk. As difficulty was experienced in consuming this 
preparation the experiment was closed after 5 days’ superimposition. For these 
5 days and the first 2 days of the subsequent basal period the % retention of the 
extra protein was 34. The increase in weight corresponded fairly closely with 
that calculated from the N retention on the basis that the material retained was 
comparable in N content to muscle. There is no justification for the assumption 
that the material stored was transformed into muscle either in this or previous 
experiments in this series. 
Discussion 

These experiments have demonstrated that in the adolescent and even adult 
human subject the superimposition of a litre of milk for 1 day on a basal diet, 
adequate for the maintenance of weight and N equilibrium and already con- 
taining 500 ml. raw milk, caused retentions of N and S equivalent to 54 and 
53 % of the N and S added to the diet. No statistical difference could be detected 
between the retentions observed with raw and boiled milks. It is of interest that 
superimposed sodium caseinogenate equivalent in N content to a litre of milk was 
only half as well retained, indicating that probably the other constituents in the 
milk were playing a role in effecting this retention. 

This unexpected retention of N persisted even when the supplementing of 
the diet with extra milk was continued for 8 days. As was to be expected, again 
no real difference was detected between the retentions effected by raw and 
boiled milks. The retention of Ca in contrast to that of N was relatively in- 
significant with both types of milk. 

In calculating the retention of the additional N it has been assumed that all 
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the extra N was absorbed. It is unlikely that the amount of the additional milk 
N escaping absorption would exceed 8%. 

That this retention phenomenon was not a peculiar property of the super- 
added milk was demonstrated by adding lean beef+lactose + butter equivalent 
in protein, carbohydrate and fat content to a litre of milk, a comparable re- 
tention of N being observed. The daily retention gradually diminished but even 
after 15 days was still in evidence. Wilson’s data [1930; 1931] indicate that quite 
considerable although steadily diminishing retentions may be found even when 
beef is the sole supplement. 

Soya flour + lactose + butter equivalent to the protein, carbohydrate and fat 
in a litre of milk also led to a marked retention of N when superimposed on an 
adequate basal diet. The writers feel that too much emphasis must not be laid 
on the differences in retention values which have been observed over com- 
paratively short periods of time. Extraneous factors, particularly those which 
affect the faecal N excretion, may introduce variations in the day to day N 
exchange. The main fact of importance is that here again evidence of a con- 
siderable N retention is forthcoming. We cannot define which protein moiety 
of these mixed diets is contributing mainly to the N retention. For example in 
our last experiment we are not justified in considering the N retained to be of 
“Soyolk” origin. It may have come from the protein of the milk in the basal 
dietary. The superimposition type of experiment must therefore be used with 
great caution for the determination of the nutritive value of a foodstuff. 

We may conclude by stating that when a dietary which is adequate for 
maintenance is supplemented by protein, whether of animal or vegetable origin, 
and particularly if the energy content of the diet is still further increased by 
additions of carbohydrate and fat, a considerable retention of N and S may 
result, the degree of retention bearing a relationship to the total increment in 
the energy value of the diet. This retention of nitrogenous material diminished 
with the passage of time but may still be considerable even after fifteen days of 
surfeit. The nature and site of the retained material will be discussed in a 
subsequent paper. 

SUMMARY 


1. The superimposition of a litre of raw or boiled milk on a diet adequate for 
maintenance of body weight and N equilibrium in the adult human subject caused 
an increase in body weight and a marked retention of N and S but not of Ca. 
The addition of sodium caseinogenate equivalent in N content to a litre of milk 
to the diet of one subject resulted in a definite but much less marked storage of N. 

2. Comparison of the N retentions effected by the addition of milk whether 
administered for 1 day or 8 consecutive days revealed no real difference between 
the metabolic fates of the proteins of raw and boiled milk. 

3. The superimposition of beef+lactose+ butter equivalent in protein, 
carbohydrate and fat content to a litre of milk also effected a definite saving of 
food N which was still in evidence even after 15 days of surfeit. Soya flour+ 
lactose + butter achieved a similar effect. 

4. On resumption of basal conditions the retained N was apparently elimi- 
nated at a slow even rate. 


In conclusion we wish to express our thanks to Prof. E. P. Cathcart for his 
interest and valuable criticism, to Prof. G. M. Wishart for his very helpful 
co-operation and to those who acted as “subjects”’. 

A grant in aid of this investigation was made from the D. C. Andrews’ 
Research Fund. 
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XCI. A STUDY OF THE EFFECT OF 
OVERFEEDING ON THE PROTEIN 
METABOLISM OF MAN 


III. THE PROTEIN-SAVING EFFECT OF CARBO- 
HYDRATE AND FAT WHEN SUPERIMPOSED ON 
A DIET ADEQUATE FOR MAINTENANCE 


By DAVID PATON CUTHBERTSON axp HAMISH NISBET MUNRO 
From the Institute of Physiology, University of Glasgow 


(Received 13 February 1937) 


In a previous paper we have drawn attention to the fact that retention of N and 
S by the adult organism readily occurs when excess protein-containing food- 
stuffs are added to an apparently adequate diet [Cuthbertson et al. 1937]. The 
degree of retention appeared to bear a relationship not to the increment in 
protein per se but to the total increment in the energy value of the diet. 

The protein-sparing effects of carbohydrate and fat have frequently been 
compared and the difference in their actions has been shown in various ways. 
As far as the writers know, Voit’s experiments on the dog constitute the only 
evidence available on the relative effects of the addition of carbohydrate or fat 
to an apparently adequate diet [Voit, 1869]. The experimental conditions were 
not exactly reproduced in his experiments and so it is not possible to compare 
accurately the relative effects of these two principles. 

According to Voit & Korkunoff [1895] not more than 15 % of the previously 
metabolized protein can be spared by such additions. The consensus of opinion 
is that the carbohydrate of the food cannot be replaced by an isocaloric amount 
of fat without having an adverse effect on the N balance. As Cathcart [1922] has 
pointed out, ‘‘isodynamic”’ (equal in energy) is not the same as “‘isotamieutic” 
(equal in sparing effect). The latter term covers all phases of cellular activity. 
If the replacement of the carbohydrate by fat is such as to affect not more than 
half the total calories, the effect is but slight on the N balance, but if this is 
exceeded then an unfavourable influence is exerted on the N balance. 

Maignon [1933] has recently adduced evidence to show that the relative 
effects of carbohydrate and fat on protein utilization by the rat are dependent 
on the ratio of the protein to fat or protein to carbohydrate in the diet fed. 
With rations of average protein content, the N balance was approximately the 
same in both cases; on the other hand with rations containing a high proportion 
of protein the N balance was in all seven experiments in favour of fat. When the 
ration contains a high proportion of fat or carbohydrate, carbohydrate may 
prove to be superior to fat. 

In order to determine the role played by the general rise in energy value 
of the diet above the energy requirement in their earlier experiments, the writers 
were the subjects of a further series designed to elucidate this factor. 


( 694 ) 
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EXPERIMENTAL 


The procedure adopted was somewhat similar to that used in the previous 
paper. Experiment 1 was carried through in 










the latter half of April and beginning of May, al Soneuee 
Experiment 2 in July and Experiment 3 in beef +46 , carb. and ft 
¢ 20 Basal lactose | 2627 cal. 
September, 1936. (3400 cal.) +35 g. butter | 
19r +160 g- lean[4057 cal. 
. ? = Es - beef 
Exp. 1. Subject 1 (subject 5 of previous paper). 18+ [sera Urinary T.N. 





Table I, Fig. 1. 


The basal diet differed from that pre- 
viously adopted in having no cheese present, 
otherwise the quality was the same and the 
quantity only slightly different. During an 
initial period of three days, weight was lost 
slightly and the diet had to be adjusted by 
incorporating more bread to balance this : 50 
tendency. The caloric value of the basal dietary |; 
was approximately 3400 as calculated from . 
Plimmer’s tables (75 g. protein, 130g. fat and & ,, . 
460 g. carbohydrate). The “first class” protein © 


Total N g. 


moiety amounted to 19g. of milk proteins. 7 14 21 28 
The actual N intake was 15-06 g./day as deter- Days of experiment 
mined by analysis of the composite diet. The Fig. 1. 


additions of beef, lactose and butter which 
were made subsequently were equivalent to the protein, carbohydrate and 


Table I. Subject 1 


Urine Av. 

Day Body —#V#V. daily S:Nof 
of weight Total Vol. Total Total faecal retained 
exp kg. Daily diet Cal. ml. N g. Sg. Ng. material 
+ 86-70 Basal adjusted to 3400 _ = = ' 

5 86-55 maintain body wt. = a aa 

6 86-15 oa — _— 

7 86-75 1565 12-07 — 

8 86-45 1500 12-42 0-855 1-765 

9 86-90 1570 =.:12-50— (0-880 
10 86-93 Basal+160 g. lean 3600 1605 1468 1-093 

11 87-05 _ topside beef 1710 §=15:95 = 1-099 
12 86-95 1480 15-92 1-103 } 1-491 1: 33-8 
13 86-90 1880 15-45 1-086 | 
14 87-30 1670 §=:16-35~— 1-118 ) 
15 87:30 Basal+160 g. beef 4057 1925 16-11 1-114 
16 87-10 +46 g. lactose + 1475 15-43 ~=1-049 | 

17 87:33 35g. butter 1660 15:00 1-034 (/ 2-317 1:21-6 
18 87-50 1990 16-24 1-058 | 

19 87-93 1900 15-78 1-044 
20 87-42 Basal reduced in 2627 1810 17-02 1-153 > S:N of ma- 
21 87-00 carbohydrate and 2100 18-92 1-232 | terial stopped 
22 86-95 fat but not protein 1800 18-98 1-262 being re- 
23 87-19 2040 19-08 1-178 tained 
24 87-20 1600 18-95 1-230 1: 19-00 
25 87:30 Ordinary diet = a =. 


Rise in body weight at end of 5 days extra beef =0-40 kg. 
Further rise in body weight at end of 5 days extra beef +lactose + butter =0-63 kg. 
Fall in body weight at end of 5 days reduced intake =0-73 kg. 
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fat contents of a litre of milk. Water equivalent to that present in a litre 
of milk was added to the drinking water, a control observed in all these 
experiments. 

When N equilibrium was established 160 g. lean. topside beef were added 
to the diet for a period of 5 days, then 46g. lactose and 35 g. butter were 
superimposed for a further 5-day period and finally, the protein content being 
kept constant, the diet was reduced from 4057 Cal. to 2627 Cal./day for a final 
period of 5 days by the removal of 900 Cal. fat (butter) plus 530 Cal. carbo- 
hydrate. 

The additional food was consumed in two equal portions at lunch and at 
supper. The N content of the beef was variable (5-4-5-9 g./100 g. beef) but as in 
the previous experiments with beef an average value was selected in the final 
computation. 

On superimposing beef alone the excretion of total N and § in the urine 
gradually rose, but even after 5 days it fell distinctly short of the level to be 
expected if N and S equilibrium had been established. The daily output of N 
during the first 3 days was greater than that observed in an earlier experiment 
in which beef+lactose + butter were superimposed for an equivalent period. This 
experiment however had to be abandoned owing to illness. 

After 5 days of extra beef intake, the addition of 46 g. lactose and 35 g. butter 
caused a depression of N and S elimination which tended to reach a constant 
value after 3 days, i.e. the existing retentions of N and S were still further 
increased. The increment in the energy value of the diet caused a still greater 
saving of protein, or it may be that preferential oxidation of carbohydrate and 
fat had delayed the catabolism of the retained N and S compounds—presumably 
protein. 

As the course of N excretion appeared now to be following the same type of 
curve noted with Subject 6 of the previous paper when he consumed extra beef, 
lactose and butter over a period of 15 days, it was decided to withdraw sufficient 
non-protein calories to bring the total intake to a value below the subject’s 
actual requirement at that metabolic plane. Food equivalent to 1430 Cal. and 
composed of butter, lactose, cane sugar and apple jelly was removed from the 
diet. Body weight which had been increasing during the addition of the beef 
and more rapidly still under the influence of the additional carbohydrate and 
fat now fell rapidly, and coincidently the N and S excretions rapidly rose, so that 
after 2 days in place of a very definite daily retention of N and S there was now a 
very small loss which continued for the few remaining days of the experiment, 
the elimination of the retained N and S material taking place at an even slow 
rate, distinct from the more rapid catabolism of the other retained materials, 
presumably mainly fat, as evidenced by the initial rapid fall in weight. It was 
apparent that immediately the necessity to get rid of superfluous food material 
was removed the normal intake of protein could be dealt with, and that the 
stored protein was slowly eliminated at a relatively uniform rate. This last 
observation may help to explain the fact that in the somewhat similar experi- 
ment on this Subject 6 in the preceding paper, the basal level of N excretion was 
not reached following the resumption of the basal diet. In this case there was also 
a slight but steady loss of N. 

The reduction in the calorie value from 4057 to 2627 Cal. was drastic but 
when the latter diet was consumed over a period of 5 days the fall in body 
weight had not reached the basal value. Indeed it tended to remain constant after 
falling for the first 2 days, suggesting that a new metabolic plane had been 
reached. 
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The S: N ratio of the material retained during the first 5 days of additional 
intake was 1 : 33-8 and during the period of extra carbohydrate and fat 1 : 21-6, 
the S: N ratio of the beef being 1: 18-55. The values for the retained material 
are comparable with our recalculated values obtained from Wilson’s data [1931]. 
No account was taken of the faecal loss in these calculations. To calculate the 
S:N ratio of the material which ceased to be retained, the total urinary 
outputs of N and S for the preceding 5-day period of beef+lactose+butter 
were determined, viz. 78-56 g. N and 5-299 g. S. These values were deducted 
from the total urinary N and § excretions on the low caloric diet, viz. 92-95 g. N 
and 6-055 g. S. The S: N ratio of the material which was no longer excreted was 
therefore 1 : 19-0, a value practically identical with the S: N ratio of the beef 
ingested and quite distinct from the S : N of the total output for this final period 
which was 1 : 15-35. 

Analyses of four separate specimens of lean topside beef gave a mean 
S:N ratio of 1: 18-55 (1: 18-0-19-2). This is higher than the usually accepted 
ratio of 1: 14-15 for beef. In determining the total 8S, Denis’s modification of 
Benedict’s method was used following preliminary treatment with conc. HNO,, 
the reagents being S-free (Kahlbaum) and all heating done by electricity. The 
loss of N in cooking the beef for three-quarters of an hour was not greater than 
1% and is not taken into account. 

The increase in weight during the period of overfeeding was approximately 
1-03 kg., and the retention of N, 24-89 g. On the basis of 1 kg. body substance 
(i.e. mainly muscle) equivalent to 30 g. N the expected increase would have been 
0-83 kg. Considering the many factors which affect body weight and the doubtful 
generality of Rubner’s basis, there appears to be a fair correspondence again 
between the calculated and actual gains in weight in this and other experiments. 
This correspondence however is probably more apparent than real. 

This experiment confirmed our growing belief that the retention phenomena 
which we had observed in the milk, beef and soya bean experiments described in 
the previous paper were due to the “protein-saving” effect of the excess energy 
content of the diet, for here we have found that when protein and/or carbo- 
hydrate and fat are added to the diet so that the total energy value of the diet 
is in excess of the organism’s requirement, N and § storage take place—at least 
for a time. When the caloric value is cut down below maintenance or probably 
even to maintenance requirement the storage rapidly ceases. There is probably 
then a slow elimination of the retained N and S. 

We have purposely used the term protein-saving in place of protein-sparing 
for in these experiments there is a direct banking of material, presumably 
protein. 

The next question which required to be determined was the relative effective- 
ness of carbohydrate and fat as protein-savers. 


Exps. 2 and 3. Subjects 1 and 2 (5 and 6 of previous paper). Figs. 2 and 3, 
Tables IT and III 

A preliminary experiment was carried out by Subject 1, the basal diet being 
similar to that used in previous experiments with the exception that the milk 
was reduced to 240 ml./day and slight alterations made in the bread intake. The 
diet was calculated to have an energy value of approximately 3200 Cal. (protein 
66 g.—9 g. first class; fat 113 g. and carbohydrate 460 g.). Body weight was 
maintained at a constant level for a week prior to the superimposition of the 
extra food. When a constant urinary N excretion was achieved carbohydrate 
equivalent to 780 Cal. was added, the addition being made in the form of 
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“lemon sago”’ composed of sago, sugar, syrup and lemon juice. This pudding 
was divided into two equal portions and consumed at lunch and supper. Some 
difficulty was experienced in consuming this material on an already satisfying 
diet. The superimposition of additional carbohydrate effected a saving of 
3-68 g. N in the 3-day period and, on removing it, retention ceased, there being a 


Basal canes ) Basal (2890 cal.) 
(2890 cal.) (2 cat.) Basal + carb . 
Basal + fat (3670 cal.) 
(3590 cal.) Basal + further 
'b. 
Basal Basal Basal (4430 cal.) 
(3200 cal.) (3200 cal.) (3200 cal.) 


Basal a 
+arb ory 
7 (3980 cal.) (3900 ca.) 
12 | 7 ’ 


i 
¥ 


Total 


Ng. 


10: 


9 


88 


Body 


wt. kg. 


Urine 


vol. ml. 


5 10 15 
Days of experiment Days of experiment 


Fig. 2. Fig. 3. 


Table II. Subject 1. N- and S-saving effects of superimposed carbohydrates 
and fat on a diet adequate for maintenance 


Urine Av. 
Body ———’ ~ daily 
weight Total Vol. Total Total faecal 
kg. Daily diet Cal. ml. N g. Sg. N g. 
87-55 Ordinary —_ _ 
87-15 Basal 3200 _— 
87-00 
87-15 — 
87-28 ae we - 
87-10 2020 11-53 0-822 
87-00 1490 10-96 0-797 
87-12 1400 10-99 0-753 
87-11 Basal + carb. 3980 2055 10-13 —* 
87-65 1855 9-56 0-747 
87-40 2770 9-57 0-743 
87-32 Basal 3200 1830 10-02 0-744 
87-08 2020 11-36 0-801 
87-05 1660 11-43 0-814 


87-40 Basal + fat 3900 1580 11-61 0-788 
87-60 1770 11-07 0-730 
87-48 2540 10-88 0-763 
87-15 Basal 3200 1920 10-72 0-753 
87-43 2230 11-42 0-774 


* Urine accidentally contaminated with H,SO,. 


o 


“IDO ke Whe 
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Table III. Subject 2. N-saving effects of superimposed fat and carbohydrate 
on a diet adequate for maintenance 


Urine Av. 
Day Body — daily S:N 
of weight Vol. Toes TS. faecal material 
exp. kg. Daily diet ml. g. g- Ng. saved 
63-30 Basal 2 2257 10-86 — | 
62-95 2040 ~=—-11-01 0-772 | og, 
63-25 1810 11-06 0-821 
63-45 1700 10-55 0-766 
Mean 10-87 0-786 


63-45 Basal + fat 1450 10-01 0-719 
63-40 1665 10-25 0-749 
63-40 1290 9-78 0-724 
63-30 1327 9-73 0-723 
63-40 1168 9-49 0-697 
63°45 1830 9-54 0-645 


| 1-06 
63-30 Basal 1880 9-67 0-693 
63-30 1410 9-81 0-704 
63-05 1630 10-00 0-724 
63-15 1175 10-52 0-784 
63-15 1210 10-56 0-752 
63-15 1435 11-35 0-774 


63-25 Basal + carb. 1840 10-08 0-694 
63-60 1400 9-41 0-719 
63-80 1735 9-20 0-668 
63-65 1500 8-57 0-629 
64-15 1640 8-69 0-630 


64-65 Basal + double 1860 8-18 0-540 
1-13 


1-03 


r 1-13 


64-80 previous carb. 1825 7-08 0-532 
64-85 1730 715 0-499 
64-10 Basal 2230 8-27 0-643 
64-20 1690 9-19 0-664 
63-95 1980 10-14 0-701 
63-85 1820 10-11 0-730 =; 1-13 
63-15 20402 «9740-796 | 


63-90 1885 11-16 0-765 
—_ 1950 10-95 0-729 


lag of a day before the basal value was reached and apparently passed. It 
appeared as if there was a slow liberation of the previously stored N. 

On the third day of resumed basal diet, additional fat in the form of 90 g. fresh 
butter—700 Cal.—was added. This was easily taken and caused a definite but 
less marked sparing action. Owing to a limitation of time for the conduct of this 
experiment it was not possible to prolong the basal period preceding the 
addition of fat. Strictly speaking time should have been allowed for a return to 
the basal N excretion. It is perhaps legitimate to take the average N excretion 
of the last two days of this second basal period as the base line for the assessment 
of the N-saving effect of the extra fat rather than the average basal value of the 
first period. If this be taken the retention within the three days of extra fat intake 
was 0-64 g. N. This saving effect of fat appeared to persist into the first day of the 
final basal period. That is, there was a lag before basal conditions were again 
reached. If we take the four days of N retention in each period we find that 
carbohydrate equivalent to 780 Cal. spared 4-64 g. N (0-59 g. per 100 Cal.) and 
fat equivalent to 700 Cal. spared 1-48 g. N (0-21 g. per 100 Cal.). The ratio of the 
mabe per 100 Cal. was 2-81. 

Biochem. 1937 xxxI Ad 
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Owing to the accidental contamination of one of the day’s collections of urine 
with H,SO, the relative significance of the S retentions cannot be assessed 
accurately. The cata which are available, unsatisfactory as they are, indicate 
that the S-saving effects of carbohydrate and fat were not so widely different 
when assessed over this relatively short period. The retentions of N and § in 
each period of surfeit feeding were accompanied by increments in body weight 
which were in part reduced by a diuresis which occurred in each instance on the 
third day of extra food. 

To rule out the possibility that this difference in N-saving power might be 
due to the carbohydrate effect not having passed off before the superimposition 
of the additional fat, the experiment was repeated by Subject 2 but the order of 
superimposition was reversed. 

Subject 2’s basal dietary had an energy value of approximately 2890 Cal. 
(protein 66 g.—22 g. first class; fat 140g. and carbohydrate 320g.), the in- 
gredients being similar in quality and approximately in quantity to those 
selected in previous dietaries. No reduction in milk intake was made in this 
case. The additional fat was butter but the selected carbohydrate glucose. 
The additional butter was all taken at breakfast and to simulate the slow 
digestion and absorption of fat, the additional glucose was taken in small lots 
hourly over a period of 3 hours. The total daily intake of water was kept con- 
stant. The addition of 90 g. butter raised the energy value of the diet from 
2890 Cal. to 3590 Cal. and caused definite retentions of N and S amounting to 
6-42 and 0-459 g. respectively. The S:N ratio of this stored material was 
1: 14-0. Resumption of basal conditions did not cause an immediate return to 
normal. There was a lag of three days before the normal levels of urinary N and 
S were attained. The S: N ratio of the material stored during this period was 
1: 11-6. Although marked by initial fluctuations in body weight, this retention 
was accompanied by an increase in weight, for on resumption of basal conditions 
a slight fall in weight resulted. 

By an error in Exps. 2 and 3, in place of an isocaloric equivalent of sugar, 
slightly larger supplements were given (approximately 12%). In Exp. 3, in 
place of 185 g. glucose, 210 g. were superimposed for 5 days, an addition of 
780 Cal./day. A greater N- and S-saving effect was noted with glucose than with 
butter even when allowance was made for the slight difference in caloric value. 
The N-saving effect of the carbohydrate over 5 days was 8-40 g. (1-08 g./100 Cal.), 
that of fat for an equivalent period 5-09 (0-73 g./100 Cal.). The S-saving effect 


of the carbohydrate for the same period was 0-59 g. (0-076 g./100 Cal.), that 
N or S saved by carbohydrate/100 Cal. 


of fat 0-318 g. (0-045 g./100 Cal.). The ratio N or S saved by fat/100 Cal. 
was for N 1-48 and for S 1-69 for the period under consideration. Corresponding 
to this increased power of carbohydrate over fat to save N and §, was its faculty 
of causing a greater weight increase. The S:N ratio of the material retained 
was | : 14-2—a value similar to that noted during the addition of fat. 

At the end of 5 days the intake of glucose was doubled, thus raising the total 
caloric value of the diet to 4450 Cal., a value far in excess of the subject’s require- 
ment for no additional energy expenditure was incurred. The additional glucose 
was taken at hourly intervals between 2 and 6 p.m. and was continued for 
3 days. A further saving of N and S was effected amounting to 10-20 g. N and 
0-787 g. S for the period. The first addition of glucose depressed the urinary 
excretions of N and S to levels 2-18 g. and 0-156 g. respectively below their basal 
outputs. The second addition reduced the levels of N and S excretion to values 
3-72 and 0-287 g. below their respective basals. This second addition of glucose 
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caused the body weight to rise still higher. At the end of this period it had risen 
by about 1-7 kg. The S: N ratio of the stored material was 1 : 13-0 at this stage. 
It appeared possible to spare respectively 34° and 36% of the previously 
metabolized N and S. 

Resumption of basal conditions caused a rise in N and § output and a fall in 
body weight, the basal values being reached in about 5 days. This rapid decline 
in weight was not accompanied by a contemporaneous liberation of the stored 
N and S nor was it mainly due to the freeing of water from the organism. The 
material catabolized by the organism during this period must probably have 
been largely fat. The experiment unfortunately could not be continued longer 
so that it was not possible to determine the fate of the retained N and 8. In 
view of our previous experiments it is highly probable that these would have 
been slowly liberated. 


Discussion 


The sparing effect of carbohydrate and fat on the loss of protein which occurs 
on an insufficient diet is understandable, but the fact that an increment in the 
energy value of the food beyond the needs of the organism also causes a retention 
of N and S requires an extension of our conception of the metabolism of protein, 
carbohydrate and fat. 

When the adequately fed organism is confronted with the necessity of 
disposing of food ingested in excess of its energy requirement it burns what it 
can and stores what it cannot. An alimentary glycosuria may result if huge 
excesses of carbohydrate are given. No glycosuria was noted in our experiments. 
Although observations on the basal metabolic rate during the earlier milk 
experiments on Subject 2 indicated no elevation of the basal metabolism this 
cannot be taken as indicative of the absence of an increment in the oxidative 
processes over the normal during the 24 hours. If 24-hour metabolic observations 
can be made the present writers believe that such work will reveal a definite 
increase in the oxidative processes but one insufficient to account for the 
disposal of all the excess potential energy of the food. 

With regard to the storage mechanism we know definitely that it is associated 
with a retention of N and §S, and with an increment in body weight. The retention 
of N in the experiments in which there was a direct increase in the protein intake 
corresponded approximately to the increment in body weight if it is assumed 
that 30 g. N are equivalent to 1 kg. body substance, i.e. mainly muscle (Rubner’s 
basis). This equivalence may not have any real value and did not hold in the 
last experiment when the supplements were non-protein. We believe that the 
optimum ratio for the proximate principles in an adult dietary are precisely 
those selected by the mass of the people, viz. 10% of the energy requirement 
from protein (approx. 1g. per kg. body weight) 25-35% from fat and the 
remainder from carbohydrate. If, and only if, the total energy requirement of 
the organism be exceeded and the substance in excess of its normal content be 
protein, does storage of some of this protein take place. In the case of protein 
there is good evidence to indicate that the metabolic plane is gradually raised 
so that after a time further storage of N ceases. On the other hand if the 
substance in excess be carbohydrate the glycogen stores of the liver, muscle and 
other tissues are soon filled up, for the capacity to store glycogen is limited. With 
a continued flooding of the glucose into the blood, carbohydrate oxidation rises 
more and more, while the rate of glycogen deposition falls off. It is at this point 
probably that fat formation must be set up in order to dispose of the continued 
supply of carbohydrate. The capacity for fat storage is enormous. With the 

44—2 
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rise in carbohydrate oxidation and the necessity for its disposal there occurs a 
diminished deamination of amino-acids for the non-protein moiety is no longer 
required for fuel purposes, consequently there occurs N and also S retention, the 
unrequired amino-acids being stored as new protein or attached as Roche 
[1934, 3] would have us believe to already existing protein. When it is the fat 
moiety which is increased, there occurs a rise in the rate of fat oxidation and 
storage also readily occurs. Again there is not the same demand for protein for 
energy purposes so that deamination diminishes and storage of the amino-acids 
takes place. In this case however the effect on protein metabolism is not so 
marked, perhaps owing chiefly to the facility for fat storage and also because the 
increase in fat oxidation will require for its completion an increment in carbo- 
hydrate metabolism and so necessitate the utilization of more of the non-N 
residue of the amino-acids. 

The superimposition experiment overcomes the difficulty of measuring the 
cutaneous losses for it can reasonably be assumed that such alteration as may 
occur in the amount of N excreted by this path on changing the diet will not 
alter appreciably the relationship between excess intake and excess output. 
This factor and the question of defective digestion and absorption from the gut 
can be ruled out of account as contributing to the observed phenomena. 

It is of interest to consider the possible nature and site of this retained N 
and §. 


The nature and site of the retained N 


There is no evidence that any of the catabolites which we associate with the 
breakdown of protein is retained in the tissues. 
Cathcart & Leathes [1905] showed that during active absorption from the 


intestine there was a definite amount of N stored in the liver. This was purely a 
temporary phenomenon but the work of Pugliese [1904] has demonstrated that 
the liver is extensible, increasing in weight and total N content during feeding, 
decreasing during fasting. Gautier & Thiers’ [1928] experiments on the frog 
confirm this. Luck [1936] has recently shown that mammalian liver yields four 
fractions, viz. globulin II, euglobulin, pseudoglobulin and albumin and in rats 
maintained on a low-protein diet these were respectively 5-07, 4-58, 1-06 and 
0-86 g. per 100 g. liver. On a high-protein diet each of the above fractions was 
increased by 50-60%. There was not only hyperplasia or hypertrophy but also 
an increased content of protein per unit of tissue. All the liver proteins therefore 
participate equally in the function of storage. 

Here we have definite evidence of a N reserve. The essential character of 
such a reserve is its variability. The work of Terroine [1933] has demonstrated 
that the organism possesses two great groups of substances (1) the necessary 
elements of all the tissues in equilibrium amongst themselves and presenting 
fixed ratios one to the other, the concentration of which rather than their nature 
is not modified by any external influence, and (2) the reserve elements, variable 
in quantity and quality, whose presence effects necessary differences in the 
total composition of the organism. Just as the amounts of fat and glycogen in 
the organism can be increased or diminished by appropriate dietary measures, 
so ought also the N content. 

Terroine et al. [1924] and others have demonstrated that starving animals 
are richer in N than well nourished, owing to the disappearance of the fat reserves, 
and this fact has to be taken into account in experiments designed to differentiate 
the élément constant from the élément variable for N. It is well known that the 
N wastage through ‘“‘wear and tear” is very little and even if one ceases to cover 
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it for a fairly long time little real damage is done to the organism. It is not 
surprising therefore if the storage of nitrogenous matter as a true reserve is 
dwarfed in the analysis of the total carcass or specific organ. 

During the fattening of mature domesticated animals there is a gain in 
protein and mineral matter in addition to fat. A certain amount of this gain in 
protein must be accounted for by growth of the epidermis and its appendages 
and by an actual increase in the cells of the adipose tissue. The classical experi- 
ments of Lawes & Gilbert [1859] were probably the earliest examples of an 
investigation designed to ascertain the nature of the material stored. The average 
age of the cattle selected was 4 years and the composition of the increase was as 
follows: water 24-64; ash 1-47, protein 7-69 and fat 66-20%. Armsby [1917] has 
summarized the literature on this aspect of nutrition. It may be noted in passing 
that balance experiments also substantiate a retention of protein, sometimes 
of quite a considerable order. In Kellner’s experiments protein varied from 
8-06 to 26-25% of the organic matter retained. It is doubtful if the epidermal 
and adipose tissues can account for all the N stored during fattening. 

If the N is stored in the tissues as protein, then it is not impossible that the 
constitution of the total protein should change, for it is unlikely that the stored 
material should necessarily possess the same molecular structure as the proteins 
entering into the active protoplasmic mass of the tissue. The experiments of 
Luck [1936] do not substantiate this conjecture at least so far as the liver is 
concerned. Roche [1933] has found in rats that the N loss on a N-free diet comes 
from a partial disintegration of the molecules of muscular protein, which sub- 
stantiates MacCollum & Steenbock’s earlier hypothesis [1912]. The monoamino- 
acids are increased, the diamino-acids greatly decreased, cystine, histidine and 
arginine remained constant, while tryptophan, tyrosine and lysine diminished 
[Roche, 1934, 2]. In the absence of food protein, the N requirement was met by 
the partial mobilization of muscle protein and not of a special reserve protein 
[Roche, 1934, 1]. Can we extend this idea to the question of retention or loss of 
N in the period preceding the establishment of a new equilibrium? Is it also to 
be explained by the integration or disintegration of existing protein units? In 
this process does the liver, or muscle tissue, play the dominant role? Addis et al. 
[1936, 1, 2] have investigated the quantities of protein lost by the various organs 
and tissues of rats during 2-day and 7-day fasts. After a 2-day fast the livers 
lost 20° of their original protein content, the kidney, heart and all the other 
organs and tissues combined lost 4%. During a 7-day fast the liver lost 40% of 
its protein, the prostate and seminal vesicles 29%, the heart, kidneys, drawn 
blood and alimentary tract 18 to 28%, the muscle, skin and skeleton 8% and 
the brain 5%. Of the total protein lost in 7 days the muscle, skin and skeleton 
contributed 62%, the liver 16%. The protein reserves of the organism are 
relatively enormous and if they are capable of waxing and waning in molecular 
complexity even to a very slight extent N retention and N loss become explicable. 
Rubner [1902] and others have proved that the fraction of the ingested protein 
which is absorbed and retained exercises no specific dynamic action, a fact which 
may be held to indicate that this deposited N is for a time in a stable state. 

What might have proved a useful line of enquiry into the nature of the 
retained protein has been partially dispelled by Wilson’s work [1931]. It seemed 
reasonable to argue that the S: N ratio of the material catabolized on changing 
from a high to a low diet should indicate the nature of the retained material 
provided that its S : N ratio was different from that of the tissue protein. Wilson 
found that the organism can store protein with varying S: N ratios, the higher 
the S content the more unstable the retained material. 
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If the elements of the tissues are degraded or integrated in the same pro- 
portion as they occur in the tissues then all the nitrogenous constituents of the 
metabolic N—the urea, amino-acids and ammonia from the protein and from the 
other components of the tissues, purine bodies and derivatives, creatine and crea- 
tinine—ought, according to Terroine & Boy [1931], to rise or fall simultaneously. 
On the other hand if there had been a storage of protein, then degradation of this 
reserve will result in constituents of protein origin. Their experiments to settle 
this point indicated that the catabolites which are excreted in the urine when the 
N excretion drops from that of a normal diet to the endogenous level are of 
protein origin. 

Although the increase in caloric intake in the majority of our experiments 
was some 25%, it proved about the limit for comfort during protracted experi- 
ments where the energy expenditure was maintained at a relatively constant 
level. 

It is fairly obvious that the processes of retention which occur in the normal 
organism faced with an ingestion of excess food cannot go on indefinitely. In 
the absence of a rise in the metabolic plane sufficient to utilize the excess energy 
the condition which limits the process is simply failure of appetite. The normal 
adult organism as soon as possible catabolizes the stored material as evidenced 
by the rapid reduction in weight which occurs when the additional intake is 
removed. This is not so certain in the later stages of adolescence for further 
growth is still possible and it is of interest that the 8: N ratio of the material 
stored then closely resembles that lost in starvation. 

Lack of appetite, as a factor limiting the process of overfeeding, was demon- 
strated in an interesting fashion by some observations on another subject not 
previously described in this series. During a prolonged period of daily observa- 
tion of his weight, this subject attempted to superimpose 500 ml. raw milk per 
day without, at least consciously, reducing his usual diet. Body weight did not 
rise but fell. An independent observer of this experiment noted that the subject 
had unconsciously reduced his intake. This was substantiated by the fact that 
in a previous trial with 1000 ml. additional milk per day the intake of other food 
had obviously had to be reduced. 

Our observations may shed some light on the effect of work on protein meta- 
bolism. If the energy intake is in excess and the work done insufficient to utilize 
the excess, a rise in the output of N would be expected, a rise greater than that 
due to a general increment in “‘wear and tear”. On the other hand if work is 
superimposed on a dietary which is just adequate to meet the new energy 
requirement, then no rise beyond perhaps a slight increment due to wear and 
tear would be anticipated. Experiments to elucidate the effect of work are in 
process of being formulated. 


SUMMARY 


1. When the intake of potential energy in the diet of the writers was raised 
so that it exceeded the requirement necessary to maintain body weight and N 
equilibrium, an increase in body weight, coupled with definite retentions of N 
and §, took place during the experimental periods considered. 

2. The addition of glucose, equivalent to 780 Cal., to a diet of 2890 Cal. 
caused reductions in the daily urinary output of N and § of 2-18 g. and 0-156 g. 
respectively. Doubling this intake of glucose caused ultimately a total reduction 
in the daily outputs of N and S of 3-72 g. and 0-287 g., thus saving daily 
respectively 34 and 36% of the previously metabolized N and S. 
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- N/or S-saving effect of carbohydrate - ; aa : 
3. The ratio "Wier Geoclas sibel fat per 100 Cal. additional intake 


was for one subject, 1-48 for N and 1-69 for 8. For the other subject the ratio 
for N was 2-81. These values indicate that under the experimental conditions 
adopted carbohydrate had greater N- and S-saving effects than fat. 

4. The nature and site of the retained material is discussed. 
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Note added 6 April 1937. Since this paper was written the interesting 
experiments of Larson and Chaikoff [J. Nutrit. 1937, 13, 287] have appeared. 
Their experiments on the effect of additional carbohydrate on the N metabolism 
of the dog confirm our work. They noted that the maximum N-saving effect 
occurred when the additional carbohydrate was ingested at the same time as 
the other food or within one hour of it. The interval during which the extra 
carbohydrate was able to exert an effect was limited to 4 hours before and to 
4 hours after the ingestion of the daily meal. 
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Durtne the course of researches on the influence of calcium upon the anaerobic 
fermentation of tumour tissue [Lasnitzki & Rosenthal, 1935] an interesting side 
observation was made. The investigations were carried out by Warburg’s method 
[1926], the calcium being added to the medium after the tissue had fermented 
for a while in potassium- and calcium-free Ringer’s solution. It was found that 
the calcium remained in solution in relatively high concentration, while under 
the same conditions, but in absence of tissue, it gradually precipitated as 
carbonate, carbon dioxide being thereby developed. It is only because of this 
effect of the tissue that it was possible to investigate the influence of higher 
concentrations of calcium upon fermentation. Soon it was observed that 
stabilization of calcium also occurred if the tissue, after 1 hour’s shaking in 
potassium- and calcium-free Ringer’s solution, was removed from the medium, 
and the calcium subsequently added. 

These findings appeared to be of particular interest, in so far as they suggested 
that the manometric method may be suitable to study in a simple but accurate 
manner the inhibition of calcium precipitation under physiological conditions 
by the action of certain substances, especially those contained in animal tissues. 
From this point of view further investigations have been carried out in a similar 
way to test whether the observed effect can be obtained with extracts from 
normal tissue in different dilutions. Before, however, considering the results of 
these investigations we have to discuss in some detail the application of the 
manometric method to our subject. 


DEVELOPMENT OF CO, AS A MEASURE OF CALCIUM PRECIPITATION 


As in the fermentation experiments, the manometer vessel consisted of a 
cylindrical flask with a side-bulb. 2 ml. of a solution of 0-12 M NaCl and 0-0275 M 
NaHCO, were pipetted into the main receptacle, 0-2 ml. of a solution of 0-12 M 
NaCl and 0-198 M CaCl, into the side-bulb. (The side-bulb of the thermobaro- 
meter contained instead 0-2 ml. (0-12+0-198) M@ NaCl.) After the solutions had 
been saturated with about 5% CO, in nitrogen, the manometers were shaken 
in the thermostat at 37-5° until temperature and pressure were in equilibrium. 
Then, after the first reading, the solution in the side-bulb was mixed with that 
in the main receptacle. The concentration of calcium chloride now amounted 
to 0-018 VM? and that of the bicarbonate to 0-025 M (pH ~ 7-47). The shaking 


1 At present at the Cancer Research Department, University of Manchester. 
2 This concentration of CaCl, is ten times as great as that in a normal Ringer’s solution used 
for metabolism experiments. 
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of the manometers was then continued, and the readings repeated from time to 


time (Keo, ~ 1-5). 
Fig. 1 shows a typical example of the course of the CO, development after 


the addition of CaCl, (mean values of two parallel estimations). It will be seen 


CO, in ul. 





0 20 40 60 80 
Time (min.) 


Fig. 1. CO, development in a solution containing 0-018 M CaCl, and 0- 025 M NaHCO,, 
and saturated with about 5% CO, in nitrogen, at 37-5°. 


that the development is at first slow, and then proceeds with greater rapidity. 
The series of reactions taking place may be expressed as follows: 


(1) Ca+++CO,-=CaC0,. 
(2) HCO,-=CO,=+ H+. 
(3) H++HCO,- = H,CO,=H,0+C0,. 


For each calcium ion bound one molecule of CO, is thus set free. 0-1 mg. of 
precipitated calcium corresponds therefore to 56 pl. of CO, (0°, 760 mm. Hg). 
In this pH range, the concentration of the CO, ions is not nil but, neverthe- 
less, is so slight that in fermentation measurements it can be ignored. It can 
be brought down practically to nil if the reaction medium is saturated with 
CO,. Then, as is to be expected, there is no notable CO, development after the 
addition of CaCl,. On the other hand, if the reaction medium is saturated with 
pure nitrogen the concentration of the CO, ions increases markedly. Thus in this 
case the rapidity of the CO, development is very great at first, but gradually be- 
comes less, apparently as a result of the lowering of the calcium and bicarbonate 
concentrations. Such a diminution should also be apparent in the case of Fig. 1 
after a more lengthy observation time. The question arises, however, as to why 
the maximum speed of the CO, development is only gradually reached here. The 
explanation may be found by considering that the precipitation of the calcium 
carbonate takes place in two stages: firstly the formation of very small crystal- 
germs? and secondly the development of these germs into larger crystals. The 
last process represents a surface reaction the speed of which must naturally rise 
with the increase of the total crystal surface, and therefore the amount and size 


1 The quantity of CO, liberated in this case may be considered as typical. But it sometimes 
happens that the CO, development is weaker or even practically absent within the given (short) 
period of observation. This is probably due to presence of a minimum amount of organic impurities. 

* That part of the CO, development which is due to the formation of crystal-germs must be 
extremely small and can, therefore, be neglected. xy 
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of crystals already formed. The lessening of tiie calcium and bicarbonate con- 
centrations acts in an opposite direction, and the balance finally leads to a 
lowering of the rate of CO, development. On saturating with pure nitrogen this 
stage is apparently already reached during the first time interval. 

In each case the process must come to an end after a certain time. Then 
the bicarbonate must be reduced to a small amount, and the residue of the free 
Ca ions, being in equilibrium with this amount of bicarbonate and the amount 
of CO, present, should approximately agree with the formula of Rona & 
Takahashi [1913]. 

THE EFFECT OF TISSUE EXTRACT 


The liver of the rat was chiefly used for these investigations, but in one 
experiment rat’s kidney was also used. The fresh organs were, as far as possible, 
rendered free from ‘blood and finely minced. 1 g. of the mince was suspended 
in 45-5 ml. of 0-9°% NaCl solution, the whole shaken for 10 min. and then 
filtered. As desired, further dilutions (1 to 10, 1 to 100, 1 to 1000) with 0-9% 
NaCl solution were prepared from the filtrate. 1 ml. of the original or diluted 
extract was pipetted into the main receptacle of the flasks, and 1 ml. of 
solution containing 0-55 M NaHCO, and sufficient NaCl to make a concentration 
in the mixture of 0-12 M was added. As control, 1 ml. of 0-9°% NaCl was used 


= 
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Fig. 2. CO, development under conditions as given with Fig. 1. a, with liver extract 1: 10°; 
b, with liver extract 1: 10°; c, control. 


instead of the extract. The side-bulb again contained 0-2 ml. of a solution of 
0-12 M NaCl and 0-198 M CaCl,. The thermobarometer was prepared as above. 
After the solutions had been saturated with about 5% CO, in nitrogen, the 
procedure was as above. When the solution in the side-bulb was mixed with 
that in the main receptacle the concentration of calcium chloride became again 
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0-018 VM and that of the bicarbonate again 0-025 M. In the final dilution the 
ratio (amount of extracted tissue in g.) : (volume of fluid in ml.) was for the 
original extract 1: 10, and for the preliminary dilutions 1: 10%, 1: 10* and 
1210. 

Fig. 2 illustrates the result of a typical experiment with liver tissue. While 
the control shows a normal course of CO, development, we find in both cases 
where liver extract was used that there was also, at first, development of a small 
quantity of CO,, but that CO, development soon ceased. The results in the two 
parallel tests with the extracts 1:10? and 1 : 104 were similar to those in the two 
tests here considered with the extracts 1: 10° and 1: 10°. The experiment with 
kidney, carried out in the same way, gave similar findings, Fig. 3 showing the 


pl. 


CO, in 
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Fig. 3. CO, development under conditions as given with Fig. 1. a, with kidney extract” 1: 10°; 
6, with kidney extract 1:10°; c, control. 


results obtained with the two extracts 1: 10% and 1: 10°. Thus we see that a 
tissue extract, even in fairly high dilution, is capable of preventing calcium 
precipitation under the given conditions. This is at least true when the 
observation time is short. Needless to say, at the end of the experiments 
CaCO .crystals could only be detected in the control vessels. 





710 A. LASNITZKI 


The small quantity of CO, liberated from the solution after the addition of 
calcium may be due, not to precipitation of calcium carbonate, but to a slight 
acidification resulting from the very weak hydrolysis of calcium chloride: it 
would consequently follow that the value of the control for the same interval 
would depend only to some extent on the precipitation of calcium carbonate. 
In support of this interpretation is the fact that, in the tests with extract, the 
observed rise in pressure apparently reached its maximum at the beginning of 
the interval. 

In accordance with other well-known phenomena of a similar nature the most 
likely explanation of the inhibitory effect appears to be that it is due to an 
adsorption of certain colloidal constituents of the extract (probably chiefly 
proteins) at the surface of the crystal-germs of CaCO, whereby the development 
of these germs into larger crystals, that is to say the fixation of further Ca and 
CO, ions, is prevented. Thus the Ca ions must be held in solution in a state of 
supersaturation. This will probably last until the quantity of crystal-germs has 
increased so that the amount of organic colloids becomes insufficient, when 
calcium precipitation must take place. The higher the dilution of the extract 
and the greater the concentrations of the Ca and CO, ions the shorter the time 
elapsing. As far as CO, ions in particular are concerned it was found that 
when the reaction medium was saturated with pure nitrogen, and the CO, ion 
concentration accordingly raised, the (more dilute) extract was entirely unable to 
inhibit calcium precipitation. 

A marked inhibitory effect was further obtained in an experiment with 
human serum, carried out in the same way as those described above. In the two 
tests with serum, the final dilution of which was 1: 100, there was less than 1 yl. 
CO, developed after 3 hours, while in the two control tests there was an average 


of about 270 pl., the initial CO, development being ignored in both cases. Thus 
it appears that tissue extract and highly diluted serum act in a similar manner. 


SUMMARY 


In a solution containing 0-018 M CaCl, as well as bicarbonate and CO, in 
physiological concentrations, and kept at body temperature, a precipitation of 
calcium carbonate takes place, the amount of which can be measured by the 
amount of CO, developed, estimated manometrically. It is shown, by means of 
this method, that extracts of liver and kidney tissue are capable of preventing 
calcium precipitation, at least for a short time. Fairly high dilutions of the 
extracts retain this power. Highly diluted serum appears to behave similarly. 
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SHorTLY after Claude Bernard had isolated glycogen from liver tissue [1857] 
Sanson [1857] announced that skeletal muscle contained a substance identical 
with that obtained by Bernard from the liver. No details of the properties of 
the substance isolated from muscle tissue were given, however. Despite this 
lack of adequate demonstration that specimens prepared from the two sources 
were similar in every respect, there has apparently been no doubt since the time 
of Sanson that muscle and liver glycogens are indeed chemically identical. 
Claude Bernard’s views on the relationship of starch to glycogen from liver or 
muscle are not at all clear [Young, 1937]. In Legons sur le diabéte [1877, 1] he 
distinguishes the colours given by starch and glycogen with iodine, describing 
that given by glycogen as “une coloration violette qui est intermédiaire entre 
le bleu de l’amidon et le rouge de la dextrine obtenue par l’acide sulfurique” 
(p. 304), but later writes [1877, 2] ‘“Nous avons vu non seulement le glycogéne 
étre identique 4 l’amidon....”” According to present teaching the colour given 
by glycogen (generally obtained from liver) with iodine is brownish red rather 
than violet [cf. Bell & Young, 1934]. Bernard also states that the glycogen 
accumulating in resting rabbit muscle previously stimulated to exhaustion 
gives, with iodine, a blue coloration similar to that given by starch [1877, 1, 
p. 553]. The object of the present investigation was to compare the properties of 
specimens of glycogen prepared from different muscle tissues with those of liver 
glycogen, using the methods developed by Bell & Young [1934]. It also seemed 
of interest to check Bernard’s statement about the peculiar property of glycogen 
accumulating in resting, previously fatigued, muscle. 


METHODS 


“Alkali-extracted glycogen” was prepared from muscle by the method 
described by Bell & Young [1934] for liver tissue. In many cases further purifi- 
cation was effected by precipitation with 80% acetic acid as described by these 
authors. The material obtained by this method is described as “acetic acid- 
purified glycogen”. Attempts to prepare ‘“‘aqueous-extracted glycogen” from 
muscle tissue by the method of Bell & Young and by that of Carruthers [1931] 
were unsuccessful. Aqueous extracts of muscle contain much nitrogenous 
material not precipitated by 4% trichloroacetic acid but insoluble in 66% 
alcohol. Moreover, only a small proportion of the glycogen present in muscle 
could be freed from nitrogenous matter unless the tissue had first been digested 
with strong alkali. In many cases a full 3 hr. preliminary heating in 30% 
potash was necessary. Much of the glycogen in muscle tissue probably exists in 
a combined form [Willstatter & Rohdewald, 1934; Przylecki & Majmin, 1934; 


1 Work carried out during the tenure of a Beit Memorial Fellowship. 
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Mystkowski, 1935], a form which Willstatter & Rohdewald describe as ‘‘desmo- 
glycogen”. The small amount of glycogen that could be extracted from muscle 
tissue by boiling water was freed from protein matter by treatment with picric 
acid, the picric acid being removed by thorough washing with alcohol, followed 
by dialysis. Material thus obtained is described as ‘“‘aqueous-extracted glyco- 
gen 
During the preparation of muscle glycogen, considerable loss of material 
occurred in the process of dialysis. The dialysing membranes were of the type 
used previously for the preparation of liver glycogen, when no significant loss 
occurred during dialysis. These membranes appear to retain particles of mole- 
cular weight of 20,000 or more. The presence of diffusible glycogen-like sub- 
stances in muscle tissue was described by Pavy [1894], although his results were 
not generally accepted. The present investigation is concerned only with a 
““non-diffusible ” muscle-polysaccharide (glycogen), which was shown by Oakley 
& Young [1936] to possess a mean particle weight of about 2 x 10°. 


RESULTS 


Aqueous-extracted muscle glycogen. The specific rotation and reducing pro- 
perties of aqueous-extracted glycogen were considerably altered by precipitation 
with acetic acid or treatment with 30% potash, as shown in Table I. 


Table I 
Reduction Iodine 
Specimen [«]p (glucose = 100) coloration 
. Rabbit. Aqueous-extracted + 166-5 1-55 Reddish violet 

After acetic acid treatment 188 0-25 e: 
After KOH treatment 187 0-20 - 

2. Rabbit. Aqueous-extracted 160 1-28 

3. Rat. Aqueous-extracted 106 2-80 Brownish red 
After acetic acid treatment 134 0-96 * 
After KOH treatment 186 0-26 o 


The aqueous extraction method apparently yields a product which is far 
from pure and is not easily further purified. The colour given with iodine by any 
given preparation was constant and not altered by subsequent purification, 
although different preparations gave very different iodine colours. 

Alkali-extracted muscle glycogen. The properties of alkali-extracted muscle 
glycogen specimens prepared from different sources are given in Table II. The 


Table IT 


Reduction lodine 
Source [a]p (glucose = 100) coloration 

Rabbit +189° 0-12 Reddish violet 
Rabbit 184-5 0-17 Brownish red 
Rat 184 0-07 ‘ 
Ox 189 0-35 a 
Guinea-pig 193 0-20 a 
Dog-heart 187 0-20 Faint brown 
Dog-heart 186 0-09 9 
Mytilus edulis 188-5 0-04 Brown-yellow 
Mytilus edulis 192 0-06 2 

Average 188-0° 0-14 
Liver glycogen 193-5° 1-14 

(Bell & Young) 
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average figures for alkali-extracted rabbit liver glycogen [Bell & Young] are 
given for comparison. Owing to individual variations the differences between 
the average values for the specific rotation and reducing power of muscle and 
liver glycogens cannot be considered as significant. This may also be said about 
the figure for acetic acid-purified preparations given in Table III. Here the 


Table III. Properties of acetic acid-purified muscle glycogen 


Total 
phosphorus 
Reduction Ash (as P,O;) Iodine 
Source [a]p (glucose = 100) % % coloration 
Rabbit +197 0-20 — _ Reddish violet 
Rabbit 193 0-12 — _— 99 
Rabbit 192-5 0-05 — 0-02 Brownish red 
Guinea-pig 191 0-09 0-02 0-015 ie 
Guinea-pig 191 0-03 0-49 -- io 
Dog heart 187 0-08 0-21 0-12 Faint brown 
Dog heart 190 0-05 0-95 0-12 ” 
Mytilus edulis 192 0-03 0-11 0-047 Brown-yellow 
Mytilus edulis 196 0-10 0-43 — * 
Average 192-0 0-084 0-368 0-088 
Liver glycogen 196-0 0-090 0-170 0-093 
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difference is smaller, but it is somewhat surprising that the specific rotation of 
muscle glycogen specimens so frequently falls below that for liver glycogen. The 
lower values for muscle glycogen can hardly be explained by the slightly higher 
ash contents. 

In some cases, though not in all, the purified muscle glycogen preparations 
dissolved in water more rapidly than similar liver glycogen specimens, the 
former giving aqueous solutions which were much less opalescent than those of 
the latter. The colour given by dog-heart glycogen with iodine was much less 
intense than that given by other specimens; that given by glycogen from the 
muscles of Mytilus edulis was rather more yellow than the tint obtained with 
muscle glycogen from other sources, being reminiscent of that given by fish 
liver glycogen [Bell & Young, 1934]. 


50 5-0 


sl 45 


40 4-0 
65 35 
3-0 3-0 
25 25 


2-0 20 


Rotation in degrees 


5 15 


% 50 100 «6150 2000 50 «100~=—150 700 ° 


Time in min. 
Fig. 1. Hydrolysis curves of acetic acid-purified glycogen (a) from rabbit liver, (b) from rabbit 
muscle. Concentration equals 1-3% and theoretical end-point equals 1-51° in both cases. 


Hydrolysis by acid. The hydrolysis curves published by Bell & Young were 
obtained by heating the flask containing the acid glycogen solutions on the rings 
of a boiling water-bath. The temperature of the hydrolysing liquid, although 
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constant, was not 100° but somewhat below this temperature. In the present 
investigation hydrolysis has been carried out by immersing the flask containing 
the experimental solution in a vigorously boiling water-bath. Determinations 
of the temperature of the hydrolysing liquid have been made from time to time 
and have not varied significantly from 100°. Apart from this modification the 
technique of polarimetric determination of the rate of hydrolysis of glycogen by 
2-4 % HCl was similar to that described in the earlier paper. The typical curves 
in Fig. 1 show that the rate of hydrolysis of purified muscle glycogen by 2-4% 
HCl at 100° is not significantly different from that of liver glycogen. 

Iodine colour given by glycogen accumulating in resting, previously fatigued, 
muscle. Rabbits were decerebrated or anaesthetized with amytal and the 
muscles of one hind limb tetanized by faradic stimulation. The limb was then 
allowed to rest and alkali-extracted glycogen prepared from the muscles of both 
hind limbs. Control experiments in which glycogen estimations were carried out 
showed that a considerable increase in glycogen content occurred in the ex- 
hausted muscles during the period of rest. In ten experiments no difference was 
found between the iodine colour given by the glycogen of the unstimulated 
muscles and of those which had been exhausted and allowed to recover. The 
iodine colours varied greatly in the different experiments, ranging from liver- 
glycogen reddish brown to a frankly violet tint, but the colour given by the 
muscle glycogen of any given animal was unaffected by the experimental 
procedure. 


Discussion 


It has been known since the days of Claude Bernard that although the 
physiological degradation of glycogen in the liver yields mainly glucose, lactic 
acid results from the breakdown of glycogen in the muscles. In spite of this 
difference in metabolism the glycogen in liver appears, from the results of the 
present investigation, to differ remarkably little from that in muscle tissue. The 
differences, by no means constant, in iodine colour and in opalescence in solution 
between muscle and liver glycogens might be considered as due to a physical, 
rather than a chemical, difference. Nevertheless Oakley & Young [1936] found 
that solutions of muscle glycogen differing from those of liver glycogen in these 
respects gave similar mean particle weights determined osmometrically. The 
difference in specific rotation of purified liver and muscle glycogens amounts, on 
the average, to only 2% and cannot be considered as significant, although a 
slight difference may, in fact, exist. The ash content of muscle glycogen was some- 
what higher than that of liver glycogen, and in general muscle glycogen seemed 
more difficult to purify than glycogen from the liver. Otherwise muscle and liver 
glycogens do not differ appreciably in the properties examined. 

Bell has recently applied Haworth’s “end-group assay” method of in- 
vestigation to glycogen from the livers of rabbits fed on galactose and from 
Mytilus edulis. In both instances [Bell, 1936] he has found evidence for a chain 
length of 18 glucose units for the glycogen molecule, compared with 12 units 
for glycogen from the livers of normally fed rabbits. The results of the application 
of this method to mammalian muscle glycogen will be of great interest. 


SUMMARY 


1. Application of the methods of Bell & Young [1934] to muscle glycogen 
showed that liver and muscle glycogens exhibit no very great differences in the 
properties examined. 
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2. The mean [«]p for purified muscle glycogen of +192-0° cannot be con- 
sidered as significantly different from that for liver glycogen (+196-0°). 

3. Some specimens of muscle glycogen gave solutions which differed from 
those of liver glycogen in opalescence and in coloration with iodine. These 
differences are not, however, associated with a significant difference in mean 
particle weight [Oakley & Young, 1936]. 

4. Attempts to confirm Claude Bernard’s statement that the glycogen 
accumulating in resting, previously fatigued rabbit muscle “donne par l’iode 
une coloration tout & fait bleue comme de l’amidon”’ were not successful. 


The author is indebted to Prof. J. C. Drummond for his helpful interest in 
this work and to the Government Grants Committee of the Royal Society for 
a grant in aid of expenses. 
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UntIL recently proteins and polysaccharides have been considered as separate 
entities of the living cell, but during the past few years evidence has been 
accumulated for the theory that these compounds are able to form complex 
compounds with one another. What relation these complexes may have to the 
already well known conjugated proteins, the glycoproteins, remains to be seen. 

It is rather difficult to imagine that the colloidal components present in the 
cell should remain in contact with each other without exerting any mutual 
influence. Significant are the facts accumulated from several lines of investi- 
gation. First, it is very difficult to obtain the individual components in the pure 
state from the organism, e.g. a lipoid-free protein [Macheboeuf, 1928; Sandor, 
1933; Sorensen, 1930]. Secondly, many complex compounds which play an 
important role in the organism have been isolated (yellow enzyme, pyridine- 
nucleotide of Warburg, vitamin D, myosin-glycogen etc.). Finally investigations 
carried out in vitro have shown that many possibilities of combination exist 
between such compounds as proteins and polysaccharides. 

It has not been possible to fix any hard and fast rules governing the formation 
and existence of such complex compounds. Studies which help to elucidate the 
nature of the binding forces and the types of combination are of prime importance. 

Przylecki & Majmin [1931] distinguish the following types of binding between 
proteins and other substances, viz. : 

(a) The binding of non-ionized polar groups of proteins with the polar 
groups of other substances (Willstatter’s symplexes). 

(6) The binding of ionized groups of proteins with the ionized groups con- 
tained in other substances. 

With regard to combinations between proteins and polysaccharides Przylecki 
[1936] distinguishes the following groups: 

(a) The symplexes due to binding through auxiliary valencies, e.g. serum 
globulin-amylose and clupein-dextrin. Since only arginine and tyrosine, of the 
amino-acids present in the protein molecule, are responsible for the binding, this 
group can be divided into two subgroups: one caused by arginine binding and 
the other by tyrosine binding. 

(6) Salt-type binding, e.g. ovalbumin-glycogen. 

(c) Mixed types, in which both auxiliary valencies and main valencies appear. 

The experiments on binding were conducted chiefly on proteins in the gel 
state. However, it was possible to show that such combinations also exist in 
solution [Przylecki et al. 1935; Przylecki & Mystkowski, 1935]. These authors 
found that the turbidity of a mixture of serum globulin with glycogen or with 
starch as measured nephelometrically differs much from the sum of turbidities of 
both components when measured separately, the same being true of viscosity. 
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Such was not the case when serum albumin was used instead of serum globulin, 
for in this case the turbidity of the mixture corresponded to the sum of the indi- 
vidual components. It was concluded from these experiments that the changes 
in the turbidity were caused by the combination between proteins and poly- 
saccharides. Cataphoresis experiments [Przylecki & Mystkowski, 1935] have 
shown that in the presence of guanidine, amylose shows a strong positive charge 
and migrates towards the cathode together with guanidine. Amylose itself 
when in solution shows a slight negative charge. The change in charge and the 
migration towards the cathode were assumed to depend on the binding of amylose 
with guanidine. 

The ultracentrifugal method of Svedberg [1934, 1, 2, 3'] appeared to offer 
great possibilities for studying the problem of the combinations existing among 
colloidal compounds insolution. It has been shown by Svedberg and collaborators 
that the native proteins are generally monodisperse in solution, giving a sedi- 
mentation diagram characteristic for a protein under given conditions; any 
combination product in a mixture of protein and polysaccharide should find 
expression in this diagram and then it would be possible to secure data on such 
combination products by calculating the sedimentation constants and the 
concentration of compounds present in solution. 

Unfortunately we know very little about the structure and the physical state 
of water-soluble polysaccharides; only starch has been examined in the ultra- 
centrifuge [Lamm, 1934]. In the present experiments glycogen was used 
because of its relatively greater simplicity as compared with starch. According 
to earlier estimations the molecular weight of glycogen is about 100,000, but 
this figure cannot be accepted as reliable owing to the imperfect methods which 
were applied. Haworth & Percival [1932] estimated that the minimum molecular 
weight of glycogen is about 2500. Oakley & Young [1936] using osmotic 
pressure measurements found that the value for the mean particle weight of 
glycogen was about 2 x 10°. These authors pointed out that their values were only 
mean ones and that there was no evidence as to whether glycogen in solution was 
monodisperse or not. They suggest that the glycogen particle in water may be 
an aggregate of a large number of chemical molecules. In order to get a clear 
picture of the behaviour of the glycogen in the ultracentrifuge, before studying 
mixtures of it with proteins, a number of preliminary experiments using 
glycogen only were carried out. Difficulties similar to those found by Lamm 
[1934] in his investigations on starch were encountered. Of the two com- 
ponents of starch, the amylopectin, which is closely related to glycogen in its 
behaviour and chemical structure, showed greater polydispersity than amylose. 
The molecular weight of amylopectin as calculated by Lamm was about 
300,000. In these experiments glycogen showed a polydispersity similar to 
amylopectin. 

EXPERIMENTAL 


Serum, serum globulin, lactoglobulin and glycogen were used in these 
experiments. Glycogen was prepared from rabbit liver by the method which was 
found by the author to be the most satisfactory for obtaining a very pure 
sample of glycogen in a short time. The animal was killed and the liver was 
removed as quickly as possible and crushed in a mortar with an equal amount of 
4% trichloroacetic acid in order to precipitate the proteins; the solution was 
filtered. This was repeated three times using the same liver paste. To the 
collected fluid an equal amount of alcohol was added, and after 24 hours 


1 A bibliography of literature will be found in these papers. 
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the glycogen was separated by centrifuging and dissolved in a small amount of 
water. To the solution, which still contained a small amount of proteins, tri- 
chloroacetic acid was added once more. ‘After several precipitations with alcohol 
and finally with ether a snow-white powder very soluble in water was obtained; 
it was stored in a desiccator. 

Serum globulin was prepared by the method described by McFarlane [1935] 
and was stored in small bottles at 4° as a 0-56% solution. Lactoglobulin was 
prepared according to the method of Palmer [1934]. Serum was dialysed against 
0-2 M NaCl solution for 12 hr. in an ice-box. 

The general ultracentrifugal technique was similar to that used at the 
Upsala laboratory [Svedberg, 1934, 1, 2, 3]. For recent improvements see papers 
by McFarlane [1935] and Pedersen [1936]. 

The refractive index method of Lamm was used. All solutions were examined 
in a cell 12 mm. thick: the amount of the solution in the cell was 1-0-1-1 ml., a 
B-methylaesculetin filter (A=436) and Imperial Process plates were used; the 
exposure times were 20 and 25 sec., except in the case of horse serum where, 
because of a very strong light absorption, a Wratten No. 77 filter (A=546my) 
and orthochromatic plates were used, and the exposure time was 1 min. 

To either the solution of serum globulin preparation or to serum diluted 5 
times with 0-2 M NaCl solution an amount of glycogen sufficient to make a 1% 
solution of the latter was added. After standing 2-4hr. the cell was filled with 
this solution and the sedimentation of both components was observed in the 
ultracentrifuge. The first exposures were taken at low speed (15,000—20,000 r.p.m.) 
in order to record the sedimentation diagram of glycogen. The centrifuge was 
then brought to a speed of 58,000-60,000 r.p.m., at which it was kept for 
2-3 hr. During this time exposures were taken every 20 min. The control runs 
were made with protein solution without glycogen. Reference scale runs, corre- 
sponding to proper runs, were carried out as described by Pedersen [1936]. In 
these runs the cell was filled with the same amount of buffer solution as in the 
proper run, the exposures being taken at 20 min. intervals. 

The sedimentation constants and the concentrations of the components were 
calculated and compared with corresponding data from control runs. 


RESULTS 


(1) Glycogen. Two samples of glycogen were examined, one from rabbit liver 
and the other a commercial sample (KahIbaum). The liver glycogen sediments 
as early as 17,000-25,000 r.p.m. and gives rise to a diagram showing a great 
polydispersity. One cannot speak of molecules in their proper sense here, since 
the huge particles corresponding to this diagram are evidently aggregates of 
various sizes. The concentration of glycogen as calculated from the diagrams 
was 0-5-0-65 % instead of 1-0°%, which indicates that besides those aggregates, 
which give rise to the curve, there must be many other particles scattered 
throughout the solution, part of them sedimenting even at lower speeds and 
part perhaps of lower molecular weight. The commercial sample was even more 
heterogeneous—we were not able to obtain any definite curve from it. It was 
impossible to give more attention to glycogen because of very limited time, yet 
it would be very interesting to try to obtain a more nearly monodisperse prepara- 
tion of glycogen or to separate it into more distinct fractions. These experiments 
show the great polydispersity of glycogen in water and its tendency to form 
aggregates. Using the methods available at present it is impossible to speak of 
the molecular weight of glycogen; osmotic pressure measurements, moreover, 
deal with large aggregates of different sizes. 
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(2) Serum. Using pig serum diluted 5 times with 0-2 M NaCl solution 
diagrams similar to those obtained by McFarlane with horse serum and cow 
serum were obtained. The concentration of albumin calculated from diagrams 
was 0-85 °,, whereas the concentration of globulin was 0-26°%. In the presence 
of glycogen the corresponding figures were 1-05 and 0-40% respectively. This 
corresponds to an apparent increase of concentration of albumin of 23-5°% and 
of globulin of 53%. The sedimentation constant of globulin in the original serum 
was 7-1 x 10-13 and in the presence of glycogen 7-8 x 10-"%. 

In the case of horse serum the concentration of globulin obtained from the 
control diagrams was 00-45%, and in the presence of glycogen 0-6°%, which 
means an increase of 33%. The corresponding sedimentation constants were 
7-1 and 7-5x 10-18. The concentration and sedimentation constant of albumin 
were not calculated in this case. 

In the case of pig serum we were unable to find any marked change in the 
shape of the peaks from normal and control runs. However, in the case of horse 
serum the diagrams were more like those obtained with the preparation of serum 
globulin, the curve obtained from the sedimentation of the mixture showing a 
greater polydispersity. 

(3) Serum globulin. Table I shows the results obtained with mixtures of 
serum globulin with glycogen at different pH values. From this table we can 
see that within the pH range 6-2-7-5 there is an apparent increase in the 

























Table I 


Concentration % 
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nny 
Globulin Difference Globulin 
pH Buffer solution Globulin +glycogen % Globulin +glycogen 









40 0-2 M CH,COOH, 0-008 M NaCl, 0-35 0-34 —_ 7-1 ai 
0-032 M CH,COONa 

6-2 0-2M KH,PO,, 0-008 M NaCl, 0-30 0-38 +27 71 8-1 
0-032 M Na,HPO, 

6-8 0-2 M NaCl 0-45 0-51 +13 7-1 7-4 

7-1 0-2 M NaCl, 0-025 M NaOH 0-43 0-49 +14 7-1 7-1 

75 0-2 M NaCl, 0-027 M NaOH 0-34 0-4 +18 71 7-3 

82 0-2 M NaCl, 0-03 M NaOH Very irregular diagrams, impossible of calculation 








concentration calculated for globulin in the presence of glycogen in comparison 
with the concentration calculated from the diagrams from the control runs. 
At the same time the sedimentation constants have also increased. There was no 
change in either at pH 4-0. 

The sedimentation diagram obtained in the presence of glycogen shows a 
greater polydispersity than the serum globulin alone. In the control runs there 
was a large curve caused by the principal components, but there were also a 
certain number of small peaks corresponding to the larger and faster sedimenting 
molecules of serum globulin. In the presence of glycogen the number of these 
small peaks and the area included by them were always greater. It was impossible 
to take them all into account and make any exact calculations, but they seem to 
correspond to combination products between the larger molecules of serum 
globulin and glycogen. 

If only a part of glycogen of lower particle weight goes into combination with 
protein this should have no great influence on the shape and the area of the 
glycogen curve. However, in many cases where we found evidence of a combina- 
tion the glycogen curve was widely disturbed and in many cases it was even 
impossible to find any distinct sedimenting boundary. 
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(4) Lactoglobulin. There was no change in concentration and sedimentation 
constants in runs either with or without glycogen. 


Discussion 


The results of this investigation show that in the presence of glycogen the 
concentration of serum globulin calculated from the diagrams is greater than 
the concentration calculated from diagrams obtained from control runs. This 
increase in the case of serum is 30-50% and in the case of serum globulin 
preparation 13-27%. At the same time the sedimentation constants show a 
similar increase. This apparent increase of concentration and simultaneous 
increase of sedimentation constants must be caused by the particles of greater 
mass than the serum globulin itself and must be due to a combination product 
of globulin with glycogen. The globulin, after being bound with glycogen, forms 
a complex which sediments with a greater velocity than globulin alone and hasa 
larger area and a greater polydispersity. 

Calculating roughly from the increase of concentration the possible increase 
of mass of particles is found to be about 10-30%; one would expect a corre- 
sponding increase of the sedimentation constant of about 5-10% which is 
experimentally almost true. This all goes to show that only small particles of 
glycogen combine with globulin, their particle weight being far below the 
molecular weight of globulin. 

The results obtained in this paper agree with those obtained by Przylecki 
et al. [1935] on the same protein and polysaccharide. 


SUMMARY 


1. Ultracentrifugal investigations have shown the great polydispersity of 


glycogen solutions. 
2. In mixtures of glycogen with serum globulin evidence of combination 


between these two components was found. 
3. Only a part of glycogen of lower particle weight combines with protein. 
4. No combination of lactoglobulin with glycogen could be detected. 


The author is greatly indebted to Prof. Svedberg and his assistants, especially 
to Drs Pedersen, Lundgren and Andersson, for hospitality and assistance. 
He also wishes to express his gratitude to the Polish National Culture Fund 
for a grant. The investigation has been supported by the Rockefeller and the 
Andersson Foundations. 
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WHEN cream is separated mechanically from milk, an appreciable percentage 
of fat remains in the separated milk, even under the best conditions. Most of 
this residual fat is precipitated with the “‘curd” during the manufacture of 
commercial casein; rather less is carried down by the calcium caseinate of rennet 
casein than by the caseinogen of self-soured (or lactic acid) casein. The lipoid 
content of the latter, when it has been made with careful attention to optimum 
conditions, is still always over 1% and may rise to 2-59. This represents from 
1 to 2-5 % of the milk fat, and from 0-03 % to 0-08 % of the weight of the original 
milk. 

This fat would not be expected to differ materially in composition from milk 
fat, since its association with the casein seems to be a purely mechanical one. 
It is, indeed, only possible to determine quantitatively the amount of this fat 
by procedures involving complete hydrolysis of the casein with strong acid; it 
seems that the fat is mainly enclosed in the hard granules of casein. Neverthe- 
less, the possibility of some differential adsorption of individual fat components 
is not to be overlooked; the concentration of phospholipins in buttermilk is well 
established and suggests a possible analogy. 

As far as we are aware, the only recorded investigation into the chemical 
nature of ‘‘casein fat’’ is that of Kon & Funk [1924]. By repeated recrystalliza- 
tions from alcohol they obtained a crystalline substance and very surprisingly 
characterized it as the anhydride of a hydroxystearic acid. This work has 
neither been confirmed nor disputed. Detailed examination of the glycerides of 
butter fat [cf. Hilditch, 1936] has only once revealed the presence of a hydroxy- 
acid [Bosworth & Helz, 1935-36]. This was held to be monohydroxypalmitic acid ; 
it was optically active. It was separated via the mixed methyl esters only after a 
very laborious fractionation. 

It seemed to us, therefore, that it would be worth while to carry out on 
“casein fat”? some of the analytical determinations usually made to characterize 
natural fats, since the values for these determinations on butter fat are well 
known and a comparison with them might throw some light on the findings of 
Kon & Funk. It was the easier for us to do this, because considerable quantities 
of “casein fat’’ were available to us. 

We have for some time been preparing a “fat-free caseinogen” mainly for 
use in vitamin A-free basal diets. The starting material is a special lactic-acid 
casein, whose content of mineral matter and water-soluble vitamins has been 
reduced as far as practicable by thorough washing of the wet curd with dilute 
acetic acid. Otherwise the manufacturing procedure does not differ from the 
normal practice adopted in making high-grade commercial casein of the self- 
soured type. The dried casein is ground to pass about 80 mesh, and is then 
repeatedly extracted with hot alcohol (95% industrial methylated spirit), with 
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a consequent reduction of ‘‘fat” content from an average figure of 2-0 % to as 
low as 0-15 % in some instances. 

The alcoholic extract on cooling deposits a considerable amount of a white 
flocculent precipitate, which gives a strong positive reaction for nitrogen and is 
obviously of a protein-like nature. When the filtered extract is concentrated 
and cooled, further similar material separates. 

The alcoholic extract was therefore evaporated practically to dryness and the 
residue repeatedly extracted with ether until no more dissolved. The ethereal 
solution was filtered and concentrated, and there was left a soft fatty residue, 
completely soluble in alcohol, ether and light petroleum, and substantially free 
from protein or nitrogenous protein degradation products. 

This material was carefully analysed, in order to compare its chemical 
properties on the one hand with the average figures for butter fat, from which it 
was presumably derived, and on the other with those that would be expected in 
an anhydride of the type described by Kon & Funk. The results are given in 
Table I. 

Table I 


Ether-soluble Hydroxystearic 


Appearance 


Melting-point, ° C. 
Refractive index at 40° 
Reaction 

Solubility in alcohol 


material from 
casein 


Yellow fat 


22-39 

1-4572 

Slightly acid 

Sol. hot, less 
. cold 


Butter fat 
Yellow fat 


28-33 

1-4531-1-4568 

Slightly acid 

Sol. hot, less 
sol. cold 


anhydride 
Cg H 7905 


Neutral 


Material of 
Kon & Funk 


Colourless 
glistening 
plates 

c. 49 

Neutral 

Sol. hot, insol. 
cold 


73-90, 74-45 

12-11 12-48, 12-05 

582-6 580-5, 530 
0 a 
192 (—COOH); os 
384 (—OH and 
—COOH) 

100% 


300-3 


Composition: Carbon — _- 74-15 


Hydrogen — _— 
Mol. wt. (mean or actual) — (Approx. 800) 
Iodine value 5 32-45 

Saponification value 219-233 


Insoluble fatty acids + un- 87% 
saponifiable matter 
Mol. wt. of free fatty acids 256 
(mean or actual) 
Reichert value 27-4 
Polenske value 3-7 
Kirschner value 22-1 
Unsaponifiable matter 1-66%, 1-65% 
Sterols 0-53 % 
Iodine value of unsaponi- 39-5 
fiable matter 
Phosphorus 


About 250 


1-2-3-0 
19-25 
0:5%* 
0:2%* 
64-70 


24-32 


<0-0005% ates 
* 0-48 and 0-21 % for actual sample (N.Z.). 


The absence of phosphorus from our material suggests that practically all the 
phospholipins pass into the cream during separation. In most other respects our 
material is indistinguishable from butter fat. It is, of course, certain that 
frequent recrystallization of butter fat from alcohol would lead to a partial 
fractionation and separation of the glycerides of higher saturated acids, but it is 
contrary to all experience for this to result in the isolation from a natural fat 
of a single pure constituent. We are, therefore, unable to accept the view that 
our material would yield a pure hydroxystearic anhydride by such treatment, 
and we find it difficult to believe that any is present. 
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Dr Kon, with whom we have had the privilege of discussing these results, 
thought it highly probable that the casein used by him and Funk may have aged 
considerably before they undertook the examination of its lipoid constituent. 
This might cause the small amount of “fat” spread over the surface of the 
granules (as distinct from the imprisoned “fat”) to undergo marked chemical 
changes, including not only oxidation but also hydrolysis and dehydration. 
Such changes, we agree, are sufficiently probable to be accepted provisionally as 
explaining the presence of the substance isolated by Kon & Funk, which then, 
however, is hardly to be described as a constituent of casein fat, but rather as a 
decomposition product of such constituent. 

We have encountered one rather curious result, the apparent threefold 
concentration of unsaponifiable matter in the casein fat, following the purely 
mechanical separation of most of the fat from the original milk. The liquid 
unsaponifiable matter, moreover, has been concentrated to a somewhat greater 
extent than the sterols, which constitute only 32% thereof, compared with 
over 40% in butter fat. We think this apparent “affinity” of a protein for 
the unsaponifiable matter of a fat may be of some interest and even of physio- 
logical significance. 
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TREFOUEL et al. [1935] found that p-aminobenzenesulphonamide would protect 
mice against infections by haemolytic streptococci. This led us [Buttle et al. 1936] 
to investigate the effects of a number of related substances; only one of these, the 
corresponding anilide, proved to be as active as the amide. Fourneau et al. [1936] 
and Tréfouél et al. [1937] have made a number of changes in the structure of this 
amide, and concluded that these decreased the streptococcicidal activity. 

In this paper some compounds are described which are as active as p-amino- 
benzenesulphonamide in the protection of mice and considerably less toxic. 

The compounds were tested against the “Richards” strain of Streptococcus 
haemolyticus. Immediately before the first dose of drug, mice! were infected 
intraperitoneally with 30,000 cocci (0-3 ml. of a 1 in 30,000 dilution of a 6-hour 
culture) [Buttle et al., 1936]; 2 mg. each of the drugs were administered by 
mouth on the first and second days. 

Table I shows a comparison between p-aminobenzenesulphonamide and its 
benzyl- and pyrrolidonecarboxy-derivatives given in this way. The benzyl- 
derivative is not so effective whilst the pyrrolidonecarboxy-derivative is slightly 


better than the parent amide. 
Table I 


No. of mice (out of group of 12) dying on each 
day after infection 


——->—1T 
Ist 2nd 3rd 4th 5th-7th 


Controls < 
p-Aminobenzenesulphonamide 1 
p-Benzylaminobenzenesulphonamide 1 
2’-Pyrrolidone-5’-carboxy-4-aminobenzene- 1 
sulphonamide 


Table II shows the results with a number of the compounds. The increase in 
the mean time of survival of the treated mice gives an index of the therapeutic 
efficiency of the drugs. With larger doses (10 mg. on four successive days) the 
first 14 drugs in Table II showed no differences, except “‘prontosil’’ which was 
toxic when given in this manner (see p. 729). 

Whilst acetylation of the amino-group destroyed the activity [Buttle et al. 
1936], other acyl groups have now been found which do not do so; for example, 
pyrrolidonecarboxyaminobenzenesulphonamide (Table II, No. 1) gives a better 
result than the parent amide, although the difference is not statistically signifi- 
cant. It is only one-sixteenth as toxic as the simple sulphonamide. 

1 All animal experiments were performed by G. A. H. Buttle and D. Stephenson. 
( 724 ) 
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Table II Maximum 


Mean sur- tolerated 
vival time of dose for 
mice and 20 g. 
standard No.of mice* 
No. Drug (2 mg. on two successive days given by mouth) deviation mice mg. 


2’-Pyrrolidone-5’-carboxy-4-aminobenzenesulphonamide 3-5140-26 50 800 
p-Aminobenzenesulphonyl-p’-sulphonamidophenylamide 3-4 +036 32 100 
hydrochloride 
p’-Methoxy benzylidene-p-aminobenzenesulphonamide 3-1 +044 20 400 
p’-Dimethylaminobenzylidene-p-aminobenzenesulphonamide 3-1 +0-40 25 
p-Aminobenzenesulphonamide +021 62 
* Prontosil”’ +0-32 32 
p-Sulphonamidoglucoseanil +0-27 44 
“Prontosil Soluble” +031 32 >: 
p-Furfurylideneaminobenzenesulphonamide +025 44 20-100 
3’-Nitrobenzylidene-4-aminobenzenesulphonamide +034 32 400 
p-Cinnamylideneaminobenzenesulphonamide +021 56 800 
3’-4’-Methylenedioxy benzylidene-4-aminobenzenesulphon- +0-27 44 800 
amide 
6’-Nitro-3’-hydroxybenzylidene-4-aminobenzenesulphon- 
amide 
3’:4’-Dimethoxybenzylidene-4-aminobenzenesulphonamide 2-5 +0-37 20 400 
p-Benzylaminobenzenesulphonamide 2-3 10-22 62 800 
Azobenzene-p-sulphonamide 6 +019 32 200 
4:4’-Disulphonamidodiazoaminobenzene “140-17 22 800 
p-Aminobenzenesulphonylpiperidide ‘9 +0-09 > 
Control mice infected with streptococci 0-8 +002 62 
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* The toxicity of the more innocuous of these substances has only been roughly determined— 


2 or 3 mice were injected with each dose. 
+ 50 mg. produced a temporary paralysis with incoordinate movements of the limbs lasting 
about 4 hr. A similar dose produced no symptoms in mice of 30 g. in weight. 


The line suggested by the activity of the anilide [Buttle et al. 1936] was 
followed up by introducing other substituents into the amide group. The 
aminobenzenesulphonyl-derivative (Table II, No. 2) is almost as good as the 
pyrrolidonecarboxy-derivative (Table II, No. 1). p-Aminobenzenesulphonyl- 
diethylamide was examined and found to be more toxic than the parent sub- 
stance, but just as active [see also Tréfouél et al. 1937]. Compounds with other 
substituents in the amide group, namely, piperidide (Table II, No. 18) and 
cyclohexylamide were practically inactive at a dose of 2 mg. 

A series of Schiff’s bases was prepared from p-aminobenzenesulphonamide 
and the results are given in Table II, Nos. 3, 4, 7, 9, 10, 11, 12, 13 and 14. 
Although there is a suggestion that there is some variation in activity from one 
to another, the differences between any pair are not statistically significant. In 
addition to those mentioned in the table, 3’:4’-diethoxybenzylidene-p-amino- 
benzenesulphonamide was tested using a 10 mg. dose, and was shown to be less 
active than the parent sulphonamide. 

Goissedet et al. [1936] mentioned that p-benzylideneaminobenzenesulphon- 
amide and some of the hydroxybenzylidene-derivatives were active, but their 
preparation was not described and it was not stated whether they were equal in 
activity to p-aminobenzenesulphonamide. These authors found that p-benzyl- 
aminobenzenesulphonamide had pronounced activity. A commercial specimen 
of the latter (Table II, No. 15) has been tested and found to be significantly less 
active than p-aminobenzenesulphonamide. 

As a number of the compounds are tolerated in considerably larger doses than 
the parent sulphonamide, experiments were carried out to determine whether 
larger doses (50-200 mg.) of these drugs would protect against a higher infecting 
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dose of culture than the maximum tolerated dose of the parent substance (50 mg.). 
It was found that the compounds did not protect against higher infecting doses 
of culture. 

Sulphonamides of azobenzene and diazoaminobenzene have been prepared 
and found to be of inferior activity, and coumarin- and camphor-sulphonamides 
were inactive. 

It is not clear whether all the substances are active in the form in which they 
are given to.the mice or whether they are converted into a common active sub- 
stance. It has been shown by Colebrook et al. [1936] that when p-aminobenzene- 
sulphonamide is added to blood in vitro the mixture has a marked bacteriostatic 
and bactericidal action but that 2’:4’-diaminoazobenzene-4-sulphonamide 
hydrochloride (*‘prontosil’’)! has no such effect. The conclusion that “‘ prontosil” 
is itself inactive is consistent with the discovery by Fuller [1937] that a con. 
siderable proportion of it is excreted as p-aminobenzenesulphonamide. 

There is no evidence that p-aminobenzenesulphonamide has first to be changed 
into another substance in the body, for example, by reduction or hydrolysis to sul- 
phanilic acid. Attempts have been made, without success, to reduce it by 
fermenting yeast or by catalytic hydrogenation with Adams’s active platinum 
oxide. The amide group in this substance has been stated to resist hydrolysis 
by boiling mineral acid [Gelmo, 1908] or alkali [Allport, 1936], so that neither of 
these changes is to be expected during the previously mentioned experi:nent 
in vitro. 

On the other hand, it is not justifiable to conclude that p-aminobenzenesul- 
phonamide is the only active substance into which all the others must be first 
converted. Sulphanilic acid was shown to have a distinct, though much smaller 
activity in mice [Buttle et al. 1936], and it is not to be supposed that this would 
be changed into the amide in the body. 

As the pyrrolidonecarboxy-derivative (Table II, No. 1) appears to be slightly 
better than the simple sulphonamide when the drugs are given to mice in the 
manner described in this paper, 4g. of each drug were given by mouth to a 
monkey on separate occasions at a week’s interval. The simple sulphonamide 
induced a very much higher degree of bactericidal activity in the blood than 
the pyrrolidonecarboxy-compound. However, the slight effect with the 
pyrrolidonecarboxy-compound persisted up to 48 hours after administration, 
whereas the effect of the simple sulphonamide had disappeared in this time. It 
seems possible that for the monkey and perhaps for man the effect on the mouse is 
not an entirely accurate index for therapeutic activity. It may be that the more 
insoluble pyrrolidonecarboxy-compound is absorbed and excreted so slowly that 
a slight effect persists in the mouse when the simple sulphonamide has all been 
eliminated. The daily intervals in the dosage for the mouse are very long com- 
pared with the 6-hourly administration used in man. It is also possible that the 
pyrrolidonecarboxy-compound is less readily broken down by the monkey 
than by the mouse. 

CHEMICAL SECTION 


Azobenzene-p-sulphonamide has been previously made from the sulphonic 
acid [Skandarow, 1870]. It is now obtained by the more convenient insertion of 
the sulphony] chloride group by chlorosulphonic acid. p-Aminobenzenesulphonyl- 
diethylamide and its acetyl-derivative are mentioned, but not described by 
Fourneau e¢ al. [1936]. 


1 This substance, the first active streptococcicidal drug to be placed on the market, is now 
called ‘red prontosil’’; a soluble form is sold as ‘ prontosil soluble”. 
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p-Acetylaminobenzenesulphonyldiethylamide. Solutions of p-acetylamino- 
benzenesulphonyl chloride and diethylamine (2 mol.) in ether were mixed and 
allowed to stand, and the solid, which separated, crystallized from 40° aqueous 
alcohol, M.P. 82°. (Found: C, 49-8; H, 6-7; N, 9-8; S, 11-1; loss over sulphuric 
acid, 5-8°%. C,,H,,0,N,8, H,O requires C, 50-0; H, 6-7; N, 9-7; 8S, 11-1; H,O, 
62%. Found on dried substance: C, 53-3; H, 6-8; N, 10-4%. C,,.H,,0,N.8 
requires C, 53-3; H, 6-7; N, 10-4%.) 

p-Aminobenzenesulphonyldiethylamide. The acetyl derivative was boiled for 
half an hour with 4-8 N HCl (3-7 parts), the solution evaporated to low bulk, 
and the product crystallized from 25% alcohol, m.p. 105°. (Found: C, 52-6; 
H, 6-9; N, 12-1; 8S, 141%. C,)H,,0,N,S requires C, 52-6; H, 7-1; N, 12-3; 8S, 
141%.) 

p-Acetylaminobenzenesulphonylcyclohexylamide. This was prepared similarly 
to the diethylamide, but the product separated as an oil, which solidified only 
when the mixture was vigorously shaken. After one recrystallization from 50% 
alcohol this yielded the pure substance, M.p. 224°. (Found: C, 57-0; H, 6-8; 
N, 9-5; S, 10-99%. C,,H.,0,N,S requires C, 56-7; H, 6-8; N, 9-5; 8, 10-8%.) 

p-Aminobenzenesulphonyleyclohexylamide hydrochloride. In this case the 
acetylcompound was insoluble in boiling HCl, and a mixture of alcohol (15 ml.) 
and cone. HCl (5 ml.) was used; 3g. of the acetyl-compound gave on boiling 
with this for 45 min. 2-1 g. of the pure product, M.Pp. 227°. (Found: C, 49-8; 
H, 6-6; N, 9-9; Cl, 12-2%. C,.H,gO,N,SCl requires C, 49-6; H, 6-6; N, 9-6; Cl, 
12:2%.) Recrystallization from dilute alcohol caused partial hydrolysis to a 
mixture of base and salt. 

p-Acetylaminobenzenesulphonyl-p’-sulphonamidophenylamide. p-Acetylamino- 
benzenesulphonyl chloride (11-7 g.) and p-aminobenzenesulphonamide (17-3 g.) 
were shaken with water (140 ml.) for 3 hr., and the undissolved portion 
crystallized from 50°, alcohol, m.p. 280°. (Found: C, 46-0; H, 4-2; N, 11-1; S, 
173%. C,,H,,0;N,S8, requires C, 45-5; H, 4-1; N, 11-4; 8, 17-4%.) 

p-Aminobenzenesulphonyl-p'-sulphonamidophenylamide hydrochloride. The 
acetyl compound (9 g.) was boiled with 4-8 N HCl (20-3 ml.) for 45 min., and the 
crystalline material which separated on standing was recrystallized from 10% 
alcohol, M.P. 224° (6-7 g.). (Found: C, 40-2; H, 3-9; N, 11-7; S, 17-9%. 
C,.H,,0,N,8,Cl requires C, 39-6; H, 3-9; N, 11-6; S, 17-6%.) 

p-Aminobenzenesulphonyl-piperidide. The acetyl derivative, prepared in the 
same way as the diethylamide, was dissolved in alcohol and freed from some 
piperidine hydrochloride by the addition of ether; it separated, not quite pure, 
on concentration of the solution, and was converted by boiling with 4-8 NV HCl 
into the pure amino-compound, which crystallized out on cooling and was 
recrystallized from 25% alcohol, m.p. 164°. (Found: C, 55-4; H, 6-6; N, 11-9; 
8, 141%. C,,H,,0,N,S requires C, 55-0; H, 6-7; N, 11-7; S, 13-4%.) 

2'-Pyrrolidone-5' -carboxy-4-aminobenzenesulphonamide. Chlorosulphonic acid 
(22 ml.), in a flask cooled in running water, was treated gradually with 11-9 g. of 
|-2-pyrrolidone-5-carboxyanilide [Gray, 1928] and the mixture heated at 60—70° 
for 3 hours, cooled and poured on ice. The solid product was converted. by 
treatment with 15°, ammonia (16 ml.) into the amide, which was crystallized 
from water, M.P. 262°. It was optically inactive. (Found: C, 47-0; H, 4-6; N, 
14-7; S, 11-2%. C,,H,,0,N,8 requires C, 46-6; H, 4-6; N, 14-8; S, 113%.) 

4:4’. Disulphonamidodiazoaminobenzene. p-Aminobenzenesulphonamide (6-9 
g.) dissolved in cone. HCl (3-3 ml.) and water (86 ml.) was treated, at room tem- 
perature, with a solution of NaNO, (1-8 g.) and sodium acetate (2-9 g.) in water 
(10 ml.). The yellow solid which was precipitated was insoluble in water and 
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organic solvents, and to remove inorganic salts was dried over H,SO,, extracted 
with cold water, again dried and re-extracted, m.P. 172° (5-6 g.). (Found: C, 
39-8; H, 3-8: N, 19-3; 8, 17-6%. C,,H,,;0,N,S, requires C, 40-5; H, 3-7; N, 19-7; 
S, 18:1%.) 

Azobenzene-p-sulphonamide. Azobenzene (10 g.) was added gradually to 
chlorosulphonic acid (36 ml.) kept at room temperature. The solution was heated 
on the water-bath for 1-5 hr., cooled and poured on ice. The resulting solid was 
thoroughly washed with water, dried and allowed to stand for 2 hr. with 
15°% ammonia (19 ml.), yielding the sulphonamide in a pure state, crystallizing 
from alcohol in very thin plates, m.p. 225°. (Found: C, 55-6; H, 4-3; N, 16-1; 
S, 12-3%. Cale.: C, 55-1; H, 4-2; N, 16-1; 8, 12:°3%.) 


Schiff’s bases 


p-Cinnamylideneaminobenzenesulphonamide. sp-Aminobenzenesulphonamide 
(16 g.) was dissolved in hot alcohol (300 ml.), cinnamic aldehyde (12-4 ml.) added 
and the mixture boiled. The anil rapidly separated in a pure state, fine yellow 
needles, M.P. 215°, unaltered by recrystallization from alcohol (26 g.). (Found: 
C, 63-0; H, 5-2; N, 9-8; 8, 11-2%. C,;H,,0,N,S requires C, 62-9; H, 4-9; N, 9-8; 
8, 11:2%.) 

p’-Methoxybenzylidene-p-aminobenzenesulphonamide. The sulphonamide (5-2 
g.) and anisaldehyde (4-1 g.) were boiled with alcohol (75 ml.) for 15 min. On 
cooling the substance separated in platelets, M.p. 200° (7-5 g.). (Found: C, 58-1; 
H, 4:9; N, 96%. C,,H,,O,N,S requires C, 57-9; H, 4-9; N, 9-7%.) 

3’:4'-Dimethoxybenzylidene-4-aminobenzenesulphonamide. An intimate mix- 
ture of the sulphonamide (5-2 g.) and veratraldehyde (5-0 g.), heated on the 
water bath for 3 hr., partially liquefied and then resolidified. The mass was 
extracted with boiling alcohol (60 ml.) yielding the almost pure anil, which after 
a second extraction with boiling alcohol melted at 196°. (Found: C, 56-6; H, 
5-3; N, 9-1; 8, 100%. C,;H,,0,N.S requires C, 56-2; H, 5-0; N, 8-8: 8, 100%.) 

3’:4'-Diethoxybenzylidene-4-aminobenzenesulphonamide. The sulphonamide 
(5-2 g.), 3:4-diethoxybenzaldehyde (5-8 g.) and alcohol (10 ml.) were boiled 
together; the solids dissolved and the solution suddenly became a paste of long 
needles, M.P. 216° after recrystallization from alcohol. (Found: C, 58-8; H,5-8; 
N, 8:2; S, 91%. C,,H0,N,S requires C, 58-6; H, 5-8; N, 8-0; 8, 9-2%.) 

3’:4'- Methylenedioxybenzylidene-4-aminobenzenesulphonamide. In this case 
condensation could not be effected in alcoholic solution. The sulphonamide 
(3 g.), finely ground, was heated with piperonal (2-6 g.) at 150° for 2-5 hr. The 
product was ground and extracted with boiling alcohol (150 ml.) leaving the pure 
anil undissolved, m.P. 219° (4-2 g.). It is very sparingly soluble in boiling alcohol 
or acetone. (Found: C, 55-6; H, 4-2; N, 9:3; 8, 10-99%. C,,H,,0,N.8 requires C, 
55-2; H, 4-0; N, 9-2; 8, 10:5%.) 

3'-Nitrobenzylidene-4-aminobenzenesulphonamide. The sulphonamide (6-9 g.) 
and m-nitrobenzaldehyde (6-0 g.) were boiled with alcohol (38 ml.) for 5 min. 
The alcohol was then removed and the syrup which remained taken up in boiling 
50% alcohol, from which it separated as an oil, solidifying on standing. This 
could now be recrystallized from alcohol, long yellow serrated columns, M.P. 173°. 
(Found: C, 51-3; H, 3-7; N, 13-8; 8, 10-4%. C,,;H,,0,N,S requires C, 51-1; H, 
3-6; N, 13-8; 8, 10-56%.) 

6'-Nitro-3' -hydroxybenzylidene-4-aminobenzenesulphonamide. The sulphon- 
amide (5-2 g.) and 6-nitro-3-hydroxybenzaldehyde (5-0 g.) were boiled with 
alcohol (25 ml.) for 10 min., the solution evaporated to low bulk, treated with 
water (20 ml.) and the resulting oil dissolved by heating. On standing, the anil 
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separated in needles, M.P. 197° (9-2 g.), moderately soluble in water, readily in 
alcohol and acetone. (Found: C, 48-6; H, 3-5; N, 13-4; 8, 9-6%. C,3H,,0;N,S 
requires C, 48-6; H, 3-5; N, 13-1; 8, 100%.) 

p’-Dimethylaminobenzylidene-p-aminobenzenesulphonamide. An intimate mix- 
ture of the sulphonamide (4-3 g.) and p-dimethylaminobenzaldehyde (3-8 g.) 
was heated at 140° for 45 min. and the cooled product extracted with a mixture 
of boiling alcohol (80 ml.) and acetone (15 ml.). The undissolved portion con- 
sisted of the anil in a pure state, M.p. 229°. It is insoluble in the ordinary organic 
solvents, with the exception of glacial acetic acid. (Found: C, 59-6; H, 5-7; N, 
13-9; S, 10-6%. C,;H,,O,N,S requires C, 59-4; H, 5-7; N, 13-9; 8, 10-6%.) 

p-Furfurylideneaminobenzenesulphonamide. The sulphonamide (7-6 g.) dis- 
solved in acetone (38 ml.) at room temperature, was treated with freshly distilled 
furfuraldehyde (3-8 ml.) and the solution kept for 2 days; the pure anil 
crystallized in pale yellow plates, which were thoroughly washed with acetone, 
m.P. 196°. It is practically insoluble in water or alcohol, soluble in boiling acetone 
to the extent of 1%. (Found: C, 53-1; H, 4-1; N, 11-4; S, 13-:0%. C,,H,,0,N,S 
requires C, 52-8; H, 4-0; N, 11-2; 8, 12-83%.) 

p-Sulphonamidoglucoseanil. A mixture of the sulphonamide (22 g.), an- 
hydrous glucose (23-1 g.) and alcohol (320 ml.) was boiled for 2 hr., during which 
the glucose gradually dissolved. The solution was evaporated to low bulk, kept 
and the crystalline product dried and purified either by recrystallization from 
water, or better by extraction with boiling alcohol, in which the anil is almost 
insoluble, M.p. 210°. (Found: N, 8-7; 8, 9-6%. C,,H,,0,N,S8 requires N, 8-4; 8, 
9-6%.) 

SUMMARY 


In an endeavour to find a more active drug than p-aminobenzenesulphon- 
amide for the treatment of infections by haemolytic streptococci a number of 
derivatives, comprising N-acyl compounds, substituted amides and Schiff’s 
bases, have been prepared and tested for toxicity and protective effect. p- 
Benzylaminobenzenesulphonamide, which has been recommended and used for 
the treatment of these infections, gives, in these laboratory experiments with 
mice, results not quite so good as those given by p-aminobenzenesulphonamide. 


We desire to express our thanks to Mr A. Chapman for assistance in the 
preparation of the compounds described, and to acknowledge a gift of 3:4- 
diethoxybenzaldehyde from Mr F. E. Stockelbach of Messrs Fries Bros., New 
York. 


NOTE ON “PRONTOSIL”-POISONING IN MICE 
By C. L. OAKLEY 


When single large doses (40 mg.), or repeated small doses (1 mg.), of “ prontosil” are given to 
mice by mouth, the great majority of the animals become deeply pigmented, later show signs of 
illness and not uncommonly die. With large doses, death may occur in a few days; with a daily 
dose of 1 mg., though pigmentation appears early, symptoms may be delayed for a month. In the 
latter case withdrawal of the drug relieves the symptoms. 

Post mortem, apart from the generalized orange-red pigmentation and the presence of “ pron- 
tosil” in the bladder and gall-bladder, the only striking change is in the kidneys, which are very 
much enlarged, and contain considerable quantities of “‘prontosil’’. Microscopically the dye is 
present as concretions of varying size in the straight and convoluted tubules, which are greatly 
dilated from obstruction with dye, often as far back as Bowman’s capsule. 

46—2 
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It seems clear that “prontosil”’, which is not very soluble in water, and even less soluble in the 
presence of salts, is filtered through the glomeruli, and then precipitated during concentration of 
the filtrate in the tubules, precipitation being favoured not only by abstraction of solvent, but also 
by increase in the concentration of salts. The calculi so formed produce a partial and increasing 
obstruction to tubular outflow, leading to dilatation of the tubules and then of the kidney, and 
finally to death from renal failure. ; 

Though the amount of dye given to mice is larger per g. body weight than is ever administered 
to man, these observations suggest that care should be exercised in administering “‘ prontosil”’ to 
patients who show any signs of renal damage. 
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XCVII. THE NUTRITION OF STAPHYLOCOCCUS 
AUREUS; NICOTINIC ACID AND VITAMIN B, 


By BERT CYRIL JAMES GABRIEL KNIGHT! 


From the Department of Bacterial Chemistry (Medical Research Council), 
Bland-Sutton Institute of Pathology, Middlesex Hospital, W. 1 


(Received 31 March 1937) 


HitHerto Staphylococcus aureus has not been grown in media of completely 
known chemical composition. With a medium in which most of the nutrients 
were known (amino-acids and glucose) it has been necessary to add a supplement, 
quantitatively very small but qualitatively essential, before growth can occur. 
The necessity for the supplement was first shown by Hughes [1932] and later by 
Knight [1935], who used autolysed yeast extract (marmite) as a rich source of 
the growth factor and acid-hydrolysed gelatin plus glucose as the deficient basal 
medium. Subsequently it was found possible [Fildes et al. 1936] to substitute a 
collection of amino-acids plus glucose for the gelatin hydrolysate basal medium. 
The present paper shows that the active concentrate from yeast obtained by 
Knight, which must be given to S. aureus for growth to take place, can be 
replaced by nicotinic acid and vitamin B, together, neither alone being effective. 

It is therefore now possible to grow a typical strain of S. awreus on a medium 
containing only known chemical components. 


Technique of the biological testing 


For much of the work on the staphylococcus growth factor the basal deficient 
medium used was the gelatin hydrolysate medium already described [Knight, 
1935]. The growth factor under investigation was, by definition, that supplement 
which would permit S. aureus to grow aerobically on this basal medium. It 
was always borne in mind that the growth factor might be in fact a complex, as 
indeed proved to be the case, and further, that the gelatin itself might be con- 
tributing an essential nutrient component besides its content of amino-acids. 
In the sequel it is shown that this was so. Subsequently, when the amino-acid 
basal medium had been developed [Fildes et al. 1936] samples of growth factor 
were tested on both the gelatin and the amino-acid basal media, and it was 
found that certain fractions were active on the gelatin but inactive on the 
amino-acid basal medium. The standard preparation of growth factor, the 
high-vacuum distillate (see later), was active on both basal media. 

Technical details of the preparation and inoculation of the media are given 
in the above papers, the aim being to achieve maximum purity of materials, 
and to use as small an inoculum as possible to minimize “carry-over” of active 
material from the parent cultures. 

Estimation of biological activity of preparations. The routine method adopted 
for determining the distribution of active material between various fractions in 
the chemical separation was to compare their activities at a dilution equivalent 
to 1% solutions of the amount of marmite from which the fractions were 
originally derived, by titration in serial dilutions in the basal deficient medium. 

1 Halley Stewart Research Fellow. 
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At later stages in purification the active material was tested on a direct weight 
basis, and a given concentration titrated in serial dilution by addition to the 
basal deficient medium. The relative mass of growth was visually estimated by 
the opacity. This method was quite sufficient for the comparison of the relative 
activities of different specimens of growth factor, although obviously there 
could be no sharp end-point, nor could absolute values, such as weight of growth 
factor per unit weight of organism, be obtained by this method. The serial 
dilutions of growth factor were usually fivefold, and for comparison of activities 
the amount of growth factor which gave a growth just visible to the naked 
eye was taken, but always in conjunction with observation of the masses of 
growth in the more concentrated solutions. Values of activity in terms of weight 
of substance per unit volume of basal medium are therefore only approximate 
within the limits of the method of testing. The observation of the relative 
masses of growth in two or more series of dilutions of different preparations was 
important, since if the growth factor were a complex, one component might 
titrate out before another in a given preparation. 


Examination of the active high-vacuum distillate derived 
from autolysed yeast 


The standard preparation of growth factor used for further chemical and 
growth experiments was the active high-vacuum distillate, details of the pre- 
paration of which have already been given [Knight, 1935]. The method involved 
precipitation of inert material by 80 % ethyl alcohol, extraction of active material 
into butyl alcohol at pH>5, extraction from butyl alcohol by N H,SO, and 
removal of inert material by precipitation with HgCl, in alcohol solution. 

High-vacuum distillation of the active material not precipitated by Hg(l, 
yielded an active distillate coming over up to 105° as a viscous fluid. Raising 
the temperature from 105 to 150° distilled over more viscous fluid and a yellowish 
white solid which collected in the neck of the distilling bulb. On redistilling this 
105-150° fraction, much of it now distilled below 105°, suggesting that the 
material distilling up to 105° might be thermal decomposition products of the 
original material. The total low-boiling (up to 105°) material accounted for 
practically all the activity of the material before distillation. 

Chloroform extraction of an aqueous solution of the active distillate removed 
about 14% of inactive material. The material after the chloroform extraction 
is that referred to subsequently as distillate. 

The distillate contained about 5-6 °% of Kjeldahl N and traces of S. Partition 
between butyl alcohol and buffer solutions indicated that a weak basic group, 
pK 2-3-5, was associated with the biological activity. 

The active material was not appreciably precipitated by any of the usual 
base precipitants at the concentrations of material that could be used; the 
corresponding filtrates contained the bulk of active material. The only ex- 
ceptions to the statement were given by phosphotungstic acid, silver and platinic 
chloride, none of which, however, gave clean-cut results. 

Phosphotungstic acid gave equivocal results, sometimes a filtrate and some- 
times a precipitate fraction appearing more active or there was an approximately 
equal distribution of activity between them. On one occasion the activity was 
apparently destroyed. 

With a silver precipitation at pH 7-0 there was an approximately equal 
distribution of activity, but on reprecipitating the precipitate, the bulk of 
activity then remained in the filtrate. Silver precipitation at pH 10 then 
precipitated almost all the activity. 
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Attempts to obtain active chloroplatinates from the distillate were not very 
fruitful, the bulk of activity always remaining unprecipitated and the pre- 
cipitates formed being very difficult to recrystallize. However, a very small 
amount of a very active chloroplatinate was obtained in the course of a combined 
fractional precipitation and recrystallization. 

All the activities mentioned above refer to testing on the gelatin basal 
medium. With this active chloroplatinate fraction it was noticed that, while 
the activity titrated out to high dilution on the gelatin medium, there was not 
a progressive increase in the mass of growth in the more concentrated solutions. 
This behaviour would be expected if there were a limiting amount of another 
essential substance present in the basal medium, which limited the mass of 
growth in presence of excess of the other factor, present in the chloro- 
platinate. 

When the chloroplatinate fraction was tested on the amino-acid basal medium 
it was inactive, while another fraction from the chloroplatinate fractionation, of 
less activity on gelatin, was still active on the amino-acid medium. This was 
therefore proof that the distillate was a complex of at least two essential com- 
ponents, one of which was present only in limited amounts in the gelatin, both 
being required for growth in the amino-acid medium. 

Chemical examination of the active distillate to determine in what forms 
the nitrogen was combined yielded little definite positive evidence, although a 
number of possibilities were excluded. 

The most suggestive results were: 

Fluorescein chloride plus ZnClz fusion [Feigl, 1935, p. 390], which gave an 
orange-yellow solution with green fluorescence; yellow fluorescence in ultra- 
violet light. This suggested an aliphatic primary or secondary amine, or acid 
amide. But treatment with nitrous acid had not resulted in any appreciable 
loss of activity. 

Tertiary cyclic bases [Feigl, 1935, p. 404]. Treatment with methy] sulphate 
followed by 1:2-naphthaquinone-4-sulphonic acid in alkaline solution. This gave 
a dark reddish solution (alkaline) turning to red-orange on acidification with 
acetic acid. The indication was possibly positive but not decisive. 

2:4-Dinitro-1-chlorobenzene test for pyridine [Zincke, 1904; 1905]. Boiling 
an alcoholic solution of pyridine with 2:4-dinitro-l-chlorobenzene yields a 
violet-coloured dinitrophenylpyridinium chloride solution on adding alkali; on 
making acid this gives a bright red precipitate. With the active distillate a 
transient pink colour changing to yellow was obtained. Nicotine gave a purple 
colour changing to yellow on warming. Quinoline gave no pink, only a faint 
yellow. Proline gave a bright yellow which did not change on making alkaline. 
Nicotinic acid gave a transient pink colour similar to that given by the distillate. 

The conclusion was that some pyridine derivative might be present. 

Pauly reaction (p-diazobenzenesulphonate) : orange-yellow colour. Koessler & 
Hanke [1919] modification: golden orange colour. Kinnersley & Peters [1934] 
modification: orange-yellow colour. 

The high-vacuum distillate showed a bright blue fluorescence in ultraviolet 
light and a strong absorption band in the region of 263m. 

Direct chemical evidence for any particular nitrogen compound was there- 
fore poor, but taken in conjunction with the negative results of direct tests for 
other forms of nitrogen (e.g. primary and secondary aromatic amino-groups, etc.) 
it was thought possible that cyclic nitrogen compounds, e.g. derivatives of 
pyridine, might be present. There was of course only the general chemical 
evidence from the mode of preparation and behaviour with various base pre- 
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cipitants that could suggest that the forms of nitrogen detected in the distillate 
were related to the biologically active material. 

At this stage therefore the chemical evidence had narrowed down the 
possibilities as to the type of compound that might be involved in the biological 
activity, and attention was given to the indications of biological considerations, 


Biological indications as to the nature of the growth factor 


On the basis of the general theory of bacterial nutrition which has already 
been reviewed by Knight [1936], it would be expected that those substances 
which a host organism required as essentials for its nutrition might also be 
found to be essential for a parasitic organism. Thus it has already been found 
that many pathogenic bacteria (C. diphtheriae, Cl. sporogenes, Bact. typhosum, 
S. aureus) have exacting amino-acid requirements often quite analogous to the 
amino-acid requirements of animals. 

More recently certain other substances which play an important role in 
animal metabolism have been found to be essential nutrient components for 
certain bacteria and other lower organisms. 

Thus Lwoff & Lwoff [1936] have recently found that the Warburg coenzyme 
or cozymase (Euler) can function as the V-factor required as an essential nutrient 
component by Haemophilus parainfluenzae. Similarly Schopfer [1935] showed 
that vitamin B, was essential for the growth of the mould Phycomyces blakes- 
leeanus in synthetic medium. More recently Tatum e¢ al. [1936] have shown that 
the same vitamin is an important stimulant, possibly essential, for the growth of 
certain strains of propionic acid bacteria. 

The chemical evidence from the mode of preparation and from the examina- 
tion of the active distillate, taken in conjunction with the general theory of 
bacterial nutrition which has coloured the background of our work, suggested 
the testing of cozymase and vitamin B, as staphylococcus growth factor. It was 
realized that neither compound, as such, could exist in the distillate, but it 
was thought that degradation products might be present, which the organism 
could use for synthesis. 


The activity of nicotinic acid and related compounds 


A sample of cozymase,! prepared according to the method of Euler et al. 
[1936] by Mr G. D. Greville, proved to be highly active when tested as substitute 
for the distillate growth factor, using the gelatin basal medium. 0-2 per 10 ml. 
of medium gave a just visible growth, proportionately heavier with larger doses. 

Nicotinic acid was then tested, since this seemed the most likely degradation 
product of cozymase which could be present in the distillate and whose presence 
therein was already suggested by the 2:4-dinitro-1-chlorobenzene test. 

Using the gelatin hydrolysate basal medium it was found that growth could 
be obtained using nicotinic acid as substitute for the distillate growth factor. 

The first sample of nicotinic acid had been prepared by nitric acid oxidation 
of natural nicotine. Although active at the same order of concentration as the 
standard staphylococcus growth-factor preparation, it was necessary to be sure 
that the biological activity of this sample of nicotinic acid was not due to 
associated impurity. Accordingly other specimens of nicotinic acid were 
examined. These included samples from a fractional recrystallization of technical 
nicotinic acid (also prepared by nitric acid oxidation of nicotine). The purest 


1 This cozymase specimen had an ACo-value above 600,000 [Euler & Schlenk, 1937, p. 66]. 
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specimen tested (3 times recrystallized) was, if anything, more active than the 
most and least soluble fractions. 

The best evidence, however, that the biological activity was due to nicotinic 
acid itself was provided by the behaviour of a sample of pyridine-3-nitrile. This 
had been prepared from pyridine, via the sulphonic acid, by Dr H. King. This 
pyridine-3-nitrile was inactive at a dose of 20y per 10 ml. of medium. After acid 
hydrolysis, tests of the hydrolysis products showed the activity expected from 
the amount of nicotinic acid that should have been formed (see Table I). 

A sample of the methyl nicotinate was prepared by making the acid chloride 
[by means of thionyl chloride; Spath & Spitzer, 1926] and treating this with 
methyl alcohol. The ester was extracted into ether after making alkaline with 
sodium carbonate and the ether solution dried and evaporated. The ester was 
then distilled at atmospheric pressure, the fraction boiling at 205° (uncorr.) being 
collected. When tested this methyl ester gave no growth in 24 hr.; the free acid 
always gave growth in this time. Growth subsequently occurred with the methyl 
ester, and at 72 hr. it showed the activity expected from the equivalent nicotinic 
acid content. The delayed growth was evidently due to the time taken for the 
biologically inactive ester to become hydrolysed to the free active acid. 

Nicotinamide was prepared according to Engler [1894]; recrystallized from 
boiling benzene it had m.P. 125°. 

When tested the nicotinamide proved somewhat more active than nicotinic 
acid; in the same period of growth (48 hr.) a smaller quantity of amide than 
of the acid itself gave a just visible growth (see Table I). 


Table I. Effect of nicotinic acid and derivatives on the growth of S. aureus 


Basal medium: acid-hydrolysed gelatin-glucose [ Knight, 1935]. 
Period of growth: 24 hr. unless otherwise stated. 





Dose of Nicotinic acid Pyridine- 
substance Control: cM 3-nitrile 
added ; basal Sample 1 Sample 2 hydrolysed Methyl nicotinate 
y/l0ml. medium (3 times Nicotin- Pyridine- (=nicotinic ny 
ofmedium alone Distillate cryst.) amide 3-nitrile acid) 21 hr. 72 hr. 
20 0 ++++ ++ ++ ++ 0 ++ 0 
4 0 +++ ++ ++ ++ 0 ++ 0 
08 0 - + + ++ 0 ++ 0 
0-16 0 Tr. 7 re 0 0 


0 0 0 Tr. 0 0 








Tr. =just visible opacity. 
— =not observed. 





Number of + signs indicates relative masses of growth. 
0=no visible opacity. 


From the above results with various samples of nicotinic acid and derivatives 
thereof, there seems no doubt that nicotinic acid itself and its amide can replace 
the staphylococcus growth factor obtained from yeast, when the basal medium 
is the acid-hydrolysed gelatin. 

Nicotinic acid has not yet been isolated from the high-vacuum distillate but 
the probability that it is this substance which is the biologically active com- 
ponent essential for growth on the gelatin basal medium is supported by: 

(a) the general chemistry (e.g. the pK 2-3-5 suggested by the partition 
between solvents) and method of separation of the high-vacuum distillate ; 

(6) the 2:4-dinitro-1-chlorobenzene test of the distillate, giving a colour like 
that given by authentic nicotinic acid; 

(c) the ultraviolet absorption spectrum which is compatible with about 1% 
nicotinic acid in the distillate. 
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There was, however, the evidence from the activity of certain chloroplatinate 
fractions, as already described, that the growth factor was in fact a complex of 
at least two active components. Further, as indicated in Table I, increasing 
doses of nicotinic acid did not produce proportional increases in mass of growth 
on the gelatin basal medium. 

When nicotinic acid was substituted for growth factor, using the amino-acid 
basal medium, no growth occurred and the nicotinic acid appeared to be quite 
inactive. 

It was therefore clear that the nicotinic acid was replacing only one com- 
ponent of the staphylococcus growth factor, and that the other component (or 
components) occurred in gelatin, but only in a limited concentration. This 
explained why the mass of growth on gelatin basal medium did not increase 
beyond a certain amount, even with a manifold increase in the concentration 
of nicotinic acid added, whereas it did increase with increasing doses of the 
growth factor given as high-vacuum distillate. 

For purposes of growing S. aureus in a medium of known composition, 
nicotinic acid, or its amide, can therefore be substituted for only one component 
of the growth factor. 


The second component of the staphylococcus growth factor ; vitamin By 


At earlier stages of the work, before the complex nature of the growth factor 
was known, vitamin B, had been tested alone as growth factor, using both the 
gelatin and the amino-acid basal media, but without effect when pure specimens 
of the synthetic vitamin were used. 

The blue fluorescence in ultraviolet light, the general method of preparing 
the active concentrate and its chemical properties had early suggested the 
possibility that a degradation product of vitamin B, might account for the 
activity of the distillate. The general stability of the staphylococcus growth 
factor and its survival of the high-vacuum distillation had precluded the 
possibility of the activity being due to the vitamin itself. A sample of the 
distillate tested in Prof. R. A. Peters’s laboratory by the Phycomyces and 
catatorulin tests had shown very slight activity, corresponding to less than 1% 
of vitamin B, activity (private communication). 

When it had been found that the growth factor was a complex and that one 
component of it could be replaced by nicotinic acid, it was decided to retest 
vitamin B, in presence of nicotinic acid, using the amino-acid basal medium in 
which nicotinic acid alone gave no growth. 

With addition of nicotinic acid and vitamin B, together, growth of S. aureus 
occurred on the amino-acid basal medium, while no growth occurred on the basal 
medium alone or with the addition of nicotinic acid or vitamin B, separately; 
0-02y of vitamin B, plus 2-0y of nicotinic acid per 10 ml. of medium gave an 
abundant growth. 

The chemical nature of the product, probably related to vitamin B,, which 
is the second component in the high-vacuum distillate, will be discussed in a 
subsequent paper. 


SUMMARY 


The so-called “staphylococcus factor” is a complex of at least two com- 
ponents, both essential for aerobic growth in a medium containing otherwise 
only known compounds. 

These two components can be replaced by nicotinic acid plus vitamin B,. 
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There is very strong evidence that nicotinic acid is present in the most 
active preparations of staphylococcus growth factor, namely the high-vacuum 
distillate from yeast. 

A typical strain of S. awreus has been grown in a medium containing only 
known chemical components. 


I wish to express my sincere thanks to Dr H. King for specimens of nicotinic 
acid and pyridine-3-nitrile and for his advice; to Prof. R. A. Peters for specimens 
of vitamin B, and generous co-operation in testing some of my specimens of 
growth factor; to Mr E. R. Holiday for the absorption spectrum observation and 
to Mr G. D. Greville for the specimen of cozymase. The Marmite Food Extract 
Co., Ltd. has generously supplied quantities of concentrated autolysed yeast 
extract. 


Note added 13 April 1937. Titrations of nicotinamide and synthetic vitamin B, 
have shown that nicotinamide has a detectable effect (i.e. growth just visible to 
the naked eye) at 2-5 x 10-§ M, and vitamin B, at 4x 10-" M, each titration 
being in the presence of excess of the other compound. 
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In a previous paper [Channon, 1926] it was reported that the inclusion of the 
hydrocarbon squalene in the diet of rats caused the amount of cholesterol in the 
livers to be approximately doubled. Two suggestions were made to account for 
this increase; either that the presence of the hydrocarbon in the liver from 
which it could be isolated caused a compensatory increase in the amount of liver 
sterol for reasons of physico-chemical nature, or alternatively that squalene was 
acting as a precursor of cholesterol. This latter possibility was mentioned at the 
same time by Heilbron, Kamm & Owens [1926] as a result of work concerned with 
the chemical structure of squalene. The more recently acquired knowledge of the 
structure both of squalene and cholesterol has led to further theoretical con- 
sideration of the problem of the conversion of the former into the latter. Thus 
Vanghelovici [1934] suggested that it was possible for cholesterol to be derived 
from carbohydrate through the intermediate stages of saturated and unsaturated 
fatty acids and terpenoid hydrocarbons, while Robinson [1934] pointed out that 
squalene contains the skeleton of cholesterol intact. 

The rapidly increasing knowledge of the physiological importance of the 
large variety of compounds closely related to the sterols and polyene hydro- 
carbons led us to reinvestigate the question of the possible conversion of squalene 
into cholesterol. The method adopted has been to feed groups of rats on diets 
containing squalene and other compounds for varying periods and to study the 
sterol contents of the livers, carcasses and faeces with a view to relating any 
total sterol increase with the amount of squalene absorbed. 


EXPERIMENTAL 


A constant basal diet consisting of casein 20, wholemeal flour 50, beef 
fat 19, cod liver oil 1, marmite 5 and salt mixture 5 parts was used in all the 
experiments. Various supplements were incorporated in the diets after being 
stirred into the molten fat and the animals were allowed food ad lib. At the end 
of each experiment the animals were killed by guillotine in order to obtain the 
livers as equally free from blood as possible, and the gastro-intestinal tracts 
were removed. 

The faeces were collected daily, stored under alcohol and ultimately extracted 
exhaustively with alcohol followed by ether. The material obtained by evapora- 
tion of the combined extracts to dryness in vacuo was saponified with N sodium 
ethoxide. The unsaponifiable fraction was then prepared in the usual way and 
its 1.v. and sterol content determined by the methods of Rosenmund & Kuhnhenn 
[1923] and Windaus [1910] respectively. 

( 738 ) 
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The amount of each supplement ingested was determined by weighing tlie 
food remaining uneaten after the provision of a known weight at the beginning 
of each day. The excretion was estimated by a number of methods. 

(a) In experiments in which different hydrocarbons were used, the difference 
in weights between the non-sterol fraction of the unsaponifiable matter of the 
faeces of the experimental and control groups was taken as the amount of the 
hydrocarbon excreted. 

‘ (6) The figure so obtained was confirmed by calculation of the amount of 
hydrocarbon excreted from the relationship 


wt. of exp. -sterol fraction (I, —J 
wt. of hydrocarbon excreted = ~—° “*P:"°" aes eee Sete 
8 ¢ 





where J,, J, and J, are the 1.v. of the non-sterol fractions of the experimental 
and control groups and of the supplement respectively. 

(c) In the case of groups which received cholesterol as a supplement, the 
amount of food sterol excreted was calculated as the difference between the 
weights of sterol in the faeces of the experimental and those of the control groups 
as determined by digitonin precipitation. 

The method of preparation of the unsaponifiable fractions of the livers and 
carcasses varied in the different experiments. In Exps. 1 and 3 the livers were 
digested in 5% aqueous NaOH. The crude extract obtained by ethereal extrac- 
tion was resaponified with NV sodium ethoxide and the unsaponifiable fraction 
analysed by the usual methods. In the remaining experiments the livers were 
extracted by the alcohol-ether method, the extracts so obtained being saponified 
under strictly standard conditions as regards strength of ethoxide and time of 
heating, in order to minimize any possible effect of these factors on the amount 
of the sterol fractions. 

In Exps. 1, 2 and 3, the “‘fat” of the carcasses was obtained by ethereal 
extraction of an aqueous alkaline (5% NaOH) digest, and the unsaponifiable 
fraction prepared as usual. In later experiments, the minced carcasses were 
extracted with alcohol followed by ether and the extract so obtained was 
saponified under the same standard conditions as already described for the liver 
extracts. 

In order to present the extensive data as concisely as possible, all the figures 
recorded for the weights of sterol in the livers and carcasses, the amounts of the 
supplements ingested and excreted in the faeces daily, together with the faecal 
sterol excretion per day, have been calculated on the basis of the 100 g. rat. This 
method makes the assumption that the amount of unsaponifiable fraction 
excreted daily on a constant diet is proportional to the body weight. Study of all 
the results suggests that this assumption is probably justified. On the other 
hand this method of calculation will give for the supplement intakes figures 
which will not be strictly comparable, since the food intake of larger animals 
will not be strictly proportionally greater than that of smaller ones. This factor, 
however, appears to play no part in the interpretation of the results. The amount 
of sterol in the liver is thus calculated as the number of mg. per 100 g. of fresh 
liver multiplied by the average percentage which the liver constituted of the 
final body weight. The daily faecal excretion is the total sterol excretion in each 
experiment, divided by the number of 100 g. rat days (the 100 g. rat day is the 
mean body weight multiplied by the number of days of the experiment and 
divided by 100). The tables also record the average final body weights of the 
animals, the number of animals, the period of experiment and the liver as a 
percentage of the body weight. The recorded absorption of each supplement is 
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the difference between the weights of the substance ingested and excreted. In 
order to eliminate the factor of individual variation, the pooled tissues of groups 
of usually 10 animals were used in each experiment. 

Exp. 1. The first experiment was carried out in order to obtain a sterol 
balance sheet after squalene feeding over varying periods of time. Since all 
subsequent experiments were carried out over 21 days, the result for that period 
only will be recorded. 

_ The diet of the animals which received squalene contained 1 % of the hydro. 
carbon for the first 12 days and 0-5 % for the subsequent 9 days. The results are 
presented in Table I. 


Table I. Sterol balance in rats fed with squalene 
All figures are calculated on the basis of the 100 g. rat. 


Average Squalene 
Period final Liver% Sterol o_O 
of body of final. _— ————_~———___,, Absorp-  Excre- 
feeding No.of wt. body Carcass Liver Faeces tion tion 
days Group animals g. wt. mg. mg. mg./day mg./day mg./day 


21 Control 184 4-15 167-4 11-05 4-84 _ 


5 
Squalene 5 193 4-98 153-5. 26-34 8-66 28-2 38-8 


Table I shows that the liver cholesterol has been increased by squalene 
feeding by 138%, a figure which may be compared with increases previously 
obtained for the same period (102-5 °% [Channon, 1926] and 66-2 % obtained by 
Devine [1934] in unpublished results from this laboratory). Further, the amount 
of sterol excreted by the control animals, 4:84 mg. per rat per day, has been 
increased by some 80% as a result of squalene feeding. Consideration of the 
carcass figures shows that such difference as appears between the control and 
experimental groups is too small to be of significance. 

Disregarding then the change in carcass sterol, squalene administration has 
caused an increase of 15-3 mg. in liver sterol and an increased excretion of faecal 
sterol of 3-82 mg. per day, i.e. 80-2 mg. over 21 days. During this period the 
average animal absorbed 28-2 mg. squalene per day. Thus an increased produc- 
tion of 95-5 mg. sterol has resulted from the absorption of 592 mg. squalene and 
squalene has thus apparently given rise to about one-sixth of its weight of sterol. 
It could be reasonably argued that if squalene were converted into sterol in 
molecular proportion, the sterol so produced would in part be broken down or 
excreted, for Page & Menschick [1932] have shown the ability of the animal to 
catabolize cholesterol. If an amount beyond this degradative capacity were 
produced, it might be stored in the liver, giving effectively the same result as 
cholesterol feeding, which many workers have shown to cause excess cholesterol 
to appear in the liver, with the production of the ‘“cholesterol”’ fatty liver. 

Exp. 2. In the second experiment therefore one group of animals served as a 
control, a second group received squalene, while two further groups received 
different percentages of cholesterol in the diet. The object was to attempt to 
equate the rise in liver sterol caused by squalene feeding with that caused by a 
known daily intake of cholesterol. While the squalene used had been carefully 
prepared by distillation from the unsaponifiable fraction of Scymnorhinus lichia, 
followed by chromatographic purification with alumina, the further precaution 
was yet taken of exhaustively extracting with hot methyl alcohol to remove 
possible traces of cholesterol. 

Table II shows that the absorption of no more than 9-25 mg. of squalene per 
day has caused an increase of 5-95 mg. sterol in the liver, a 55% increase on the 
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Table II. Sterol balance in rats fed with squalene or cholesterol (21 days) 
All figures are calculated on the basis of the 100 g. rat 
Average Supplement 
final Liver% Sterol — 
body of final _——————__*——————_, Absorp-__ Excre- 


No. of wt. body Carcass Liver Faeces tion tion 
Group animals g- wt. mg. mg. mg./day mg./day mg./day 


Control 10 151 399 1789 1109 51 fe 
0-25% squalene 10 164 4-47 199-3 17-04 5-0 9-2: 65 
0-05 % cholesterol 10 159 4:55 199-6 14-49 56 2-82 0-71 
0-2% cholesterol 10 164 4-53 190-6 19-42 6-9 9-46 2-13 


control figure. The increases in liver sterol caused by the daily absorption of 
2-82 and 9-46 mg. of cholesterol are 3-40 and 7-33 mg. respectively. This increase 
in liver sterol caused by 9-25 mg. of squalene thus lies between that caused by 
2-82 and 9-46 mg. of cholesterol and approximates more closely to that caused 
by the latter amount. This implies a conversion of squalene into cholesterol in 
something approaching molar proportions. Two further points need mention. 
Firstly, the absorption of squalene in this experiment has caused no increase in 
the amount of the faecal sterol excretion, a result which is in contrast to the 
finding in Exp. 1. This point will be elucidated later, but meanwhile it is to be 
emphasized that the daily squalene excretion in Exp. 1 was 38-77 mg., 24 times 
greater than that in the present experiment. Secondly, it appears that in both 
the groups receiving cholesterol, some of the administered choiesterol was 
unabsorbed. 

Investigation was made of the nature of the cholesterol increase in the liver 
by analysis of the total ethereal extract. The amounts of free cholesterol in the 
control, squalene and two cholesterol groups were 9-3, 9-2, 9-7 and 10-9 mg. per 
100 g. rat respectively, while the amounts of cholesteryl ester were 1-8, 7-9, 4-9, 
8-2 mg. These findings show firstly that the increase in liver sterol caused by 
squalene is confined to the ester fraction, and secondly the close resemblance of 
the figures obtained by squalene administration to those resulting from the 
absorption of 9-46 mg. cholesterol. The changes in the amount of carcass sterol 
are regarded as insignificant for reasons mentioned later. 

At this stage therefore the evidence seemed to be increasingly great that 
squalene was converted into cholesterol in the tissues of the rat and the next 
experiment was designed to equate more accurately the increase in liver sterol 
caused by varying amounts of squalene with that resulting from different 
amounts of cholesterol. The results did not, however, provide the answer sought 
and accordingly a further method of approach was investigated. 

Exps. 3 and 4. If squalene were converted into cholesterol by a process of 
direct cyclization, hydrogenation of the squalene would prevent the conversion, 
unless the rat possessed the ability to desaturate the hydrogenated terpene. 
Accordingly Exps. 3 and 4 were carried out in order to compare the increases in 
sterol caused by the administration of similar amounts of squalene and hydro- 
squalene. The degree of hydrogenation adopted was decided from consideration 
of the known influences of mol. wt. and I.v. on the degree of absorption of 
hydrocarbons generally. It appeared unlikely that fully hydrogenated squalene, 
squalane, would be absorbed at all and therefore squalene was hydrogenated to 
the point where the product had I.v. approximately 100; such material would be 
a mixture of partially hydrogenated squalenes and no unhydrogenated squalene 
would be present [Heilbron, Hilditch & Kamm, 1926]. 
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Table III. Sterol balance in rats fed with squalene or hydrosqualene 
(Exps. 3 and 4, 21 days) 





Average Supplement 
final Liver% Sterol —— ~ 
body of final _————__-_~———_—_,, Absorp-_ Excre- 

No.of wt. body Carcass Liver Faeces tion tion 

Group animals g. wt. mg. mg. mg./day mg./day mg./day 
Control 9 271 3-82 158-6 13-3 5-1 —_— = 
0-5% squalene 10 263 3°81 141-3 15-2 6-4 11:3 8-45 
0-5 % hydro- 9 255 3-58 154-7 12-1 6-6 3-2 19-3 
squalene 

Control 10 226 3-39 — 9-46 53 — —- 
1% squalene 10 224 3-48 _ 13-08 5-9 17-5 28-7 
1% hydrosqualene 10 230 3-38 — 9-73 5-9 1-4 46-1 


The findings recorded in Table III show that the apparent daily absorption 
of hydrosqualene, 3-2 mg., is much less than that of squalene itself, 11-3 mg. 
This finding, so far from nullifying the effect of the experiment, has thrown con- 
siderable light on the problem. The absorption of 11-3 mg. of squalene has 
increased the liver sterol to 15-2 mg., whereas the absorption of 3-2 mg. of 
hydrosqualene has if anything caused a decrease. In contrast to the different 
influences of the two compounds on the amount of liver sterol, their effects on 
the amount of faecal sterol have been identical, for the control excretion, 5-1 mg., 
has been increased to 6-4 mg. by squalene and 6-6 mg. by hydrosqualene. 
Because the hydrosqualene liver figure, 12-1 mg. was below that of the control, 
13-3 mg., by an amount which appeared possibly outside experimental error, 
this experiment was repeated in Exp. 4. Its results confirm those of Exp. 3 in 
showing that whereas both hydrocarbons cause similar increases in faecal sterol 
excretion, squalene alone causes the liver sterol to increase. 

Exps. 3 and 4 therefore suggest that the increase in liver sterol caused by 
squalene administration is to be dissociated from the rise in faecal sterol, for 
hydrosqualene is unabsorbed and yet causes the same increase in faecal sterol 
as does squalene itself, without causing any increase in liver sterol. This 
naturally suggested that the presence of unabsorbed hydrocarbons in the intes- 
tine was the cause of the increased faecal excretion, and that their effect was 
independent of their chemical nature. 

Exp. 5. This experiment was carried out therefore to confirm this possibility 
by the use of a chemically dissimilar hydrocarbon, n-hexadecane, which was 
prepared from cetyl alcohol. At the same time opportunity was taken to investi- 
gate the possibility that some contaminant present in the squalene was the 
effective agent causing the increase in liver sterol, rather than the squalene 
itself. For this experiment, 6 groups of 10 animals each received the following 
diets: (a) control diet; (b) to (f) received supplements of 1 °% of the following 
hydrocarbons: (6) ‘‘pure” squalene; (c) insoluble fraction obtained after 
exhaustive extraction of “pure” squalene with methyl alcohol; (d) squalene 
fraction soluble in methyl alcohol; (e) hexadecane; (f) hydrosqualene (1.v. 100). 
In this experiment the carcasses, livers and faeces were extracted by the 
alcohol-ether method and the unsaponifiable fraction prepared under standard 
conditions, refluxing with N/2 sodium ethoxide for 1} hr. The results are 
recorded in Table IV. 

Table IV shows that the administration of each of the three squalene 
preparations has caused a significant increase in the liver sterol. While the 
effects of the different preparations on the liver sterol show some variation, the 
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Table IV. Sterol balance in rats fed with various squalene preparations, 
hydrosqualene or hexadecane (Exp. 5, 21 days) 
Average Supplement 
final Liver% Sterol 0 
body of final A. Absorp-  Excre- 
No. of wt. body Carcass Liver Faeces tion tion 
Group animals g. ; mg. mg. mg./day mg./day mg./day 
Control 9 232 . 186-5 9-53 5-4 — — 
1% puresqualene 10 218 3: 186-1 13-93 6-4 17-0 27°8 
1% MeOH-insoluble 10 225 72 179-8 13-27 7-0 18-4 28-0 
1% MeOH-soluble 10 219 3° 184-9 14-98 6-6 22-0 24-5 
1% hexadecane 10 204 “Ti 193-4 10-21 6-9 40-2 10-1 
1% hydrosqualene 5 222 3- 175-1 9-29 6-7 3-9 43-8 


variations, the maximum of which is 1-71 mg., are small. These results suggest 
therefore that the squalene effect on the liver is not due to a contaminant. In 
contrast, neither hexadecane nor hydrosqualene has caused an increase in liver 
sterol. These results thus confirm the previous findings that, whereas squalene 
causes an increase in liver sterol, hydrosqualene fails to do so, and they show that 
hexadecane behaves like hydrosqualene in this respect. The faecal sterol figures 
also confirm the previous observations for squalene and hydrosqualene and they 
show in addition that hexadecane also causes an increased faecal excretion. 
This latter result is confirmed by previous work [Mahdi & Channon, 1933}, 
although in the absence of knowledge at that time as to the constancy of faecal 
excretion, the increase was not discussed. Table IV also shows that none of the 
substances administered has significantly affected the amount of carcass sterol. 


Discussion 


The results of Exps. 3, 4 and 5 appear to show clearly that the increased 
faecal sterol excretion occurs irrespective of the chemical nature of the hydro- 
carbon administered, for squalene alone causes an increase in liver sterol, and 
possible causes of these faecal increases will now be discussed. The simplest 
explanation of this finding would be that the hydrocarbons exercised a solvent 
action on cholesterol in their passage through the intestinal tract, and that the 
increased sterol appearing in the faeces is sterol which would normally have been 
absorbed. It was of interest therefore to attempt to determine the solubility of 
cholesterol in the hydrocarbons used. The low solubilities of cholesterol in 
squalene, hydrogenated squalene and hexadecane, as well as the relative 
insolubility of these hydrocarbons in the 95% alcohol used for the digitonin 
precipitation, render figures obtained by the digitonin method somewhat un- 
certain. As a check on these, determinations of the 1.v. of solutions of cholesterol 
in hexadecane and hydrogenated squalene were carried out. This method will 
be accurate for the former hydrocarbon, of some value with the latter, but is 
inapplicable to squalene itself (1.v. 371). Excess of finely powdered cholesterol 
was therefore shaken with each hydrocarbon for 16 hr. at 37°. The solubilities 
determined on the filtrates are recorded in Table V. 


Table V. Solubility of cholesterol in squalene, hydrosqualene and hexadecane at 37° 
(a) I.v. (6) Digitonin 
method method 
Hydrocarbon % % 
Squalene — 


Hydrosqualene 16 
Hexadecane 96 
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While the figures for the first two hydrocarbons are not accurate because of 
the difficulties mentioned, they will serve for the purpose of the present dis- 
cussion. These solubilities could account for a few of the results, but they will 
not explain the majority of them, as will be seen by inspection of Table VI, 


Table VI. Faecal sterol excretion (mg./100 g. rat/day) 


Supplement 
Experi- Increase Increase excretion x 100 
Exp. Control mental I % y 
Squalene 

4-8 8-7 3-9 78-9 38-8 9-9 
5-1 5-0 -0-1 —_— 1-7 — 
5-1 6-4 1-3 25-5 8-5 15-4 
5-3 5-9 0-6 11-3 28-7 2:1 
5-4 6-4 1-0 18-5 27°8 3-6 
5-4 7-0 1-6 29-6 28-0 5-7 
5-4 6-6 1-2 22-2 24-5 49 . 


















Hydrosqualene 


3 D1 6-6 1-5 29-4 19-3 7-8 
t 53 a9 0-6 11-3 46-1 1-5 
5 5-4 6-7 1-3 24-1 43-8 3-0 





Hexadecane 
5 5-4 6-9 1-5 27'8 10-1 14-8 





where are recorded the increased sterol excretions, together with the corre- 
sponding hydrocarbon excretion. In the last column of the table are recorded also 
the solubilities which would be required to explain entirely the increased faecal 
excretion. 

These figures show that while a solvent effect might explain the excretion in 
Exp. 4 of the squalene series, it will not suffice for the other findings with this 
hydrocarbon, for solubilities as high as 15-4°% would be necessary. For hydro- 
squalene, solvent action will again explain only one result (Exp. 4), while it will 
not explain the finding with hexadecane. Nevertheless such an action appears 
likely to be responsible in part and might be expected in minor degree perhaps 
from the studies of Rowntree [1930] and Jackson [1931] on the effect of hydro- 
carbon administration on vitamin A absorption in the intestine, and it is 
possible that the effect of the hydrocarbon is much greater in vivo than in simple 
solution in vitro. 

It will be observed from Table VI that while the increased sterol excretion is 
not strictly related to the amount of non-absorbed squalene, the figures suggest 
a parallel as good as can perhaps be expected, bearing in mind the experimental 
difficulties. They show that no extra excretion occurs when 1-65 mg. squalene 
only are unabsorbed, but that with 8 mg. the increase becomes apparent. 
Whether the hydrocarbons exercise their effect by causing an increased output 
of cholesterol into the intestine via the bile or otherwise, or whether they 
partially inhibit cholesterol absorption cannot be decided from the available 
data. 

The next question for discussion is the increase in liver sterol caused by 
squalene administration, and the relevant figures are recorded in Table VII, 
together with the degree of absorption of the hydrocarbon. It will be seen that 
in all cases there have been increases in liver sterol ranging from 143% in 
Exp. 3 to 138-3 % in Exp. 1. While the percentage increases in the liver sterol 
are in general related to the amount of hydrocarbon absorbed, Exp. 2 is a marked 
exception, for an absorption of 9-2 mg. only has caused a 53-7 % increase. 
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Table VII. Liver sterol (mg./100 g. rat) 
Supplement 
Control Squalene Increase Increase absorption 
mg. mg. ° % mg. 
11-05 26-34 15-29 138-3 28-2 
11-09 17-04 5-95 53-7 9-25 
13-3 15-20 14-29 11-3 
9-46 13-08 38-26 17-5 
9-53 13-97 46-20 17-0 
13-27 39-20 18-4 
14-98 57-20 22-0 


QU G9 He Go 
ak 
aESSEE 


There seems little doubt that the amount of sterol in the carcasses of animals 
receiving squalene does not undergo change, for while certain differences have 
appeared in some of the later experiments, they are too small and irregular to be 
of significance. No conclusions are to be drawn from the carcass sterol values of 
Exps. 1, 2 and 3, since subsequent work has emphasized the difficulty of com- 
plete extraction of “fat” by the method used. 

Hence, if the correct interpretation has been given to the increases in faecal 
sterol, the increase in liver sterol, together with the results of Exp. 2 in which 
the increase in liver sterol caused by squalene was equated against that caused 
by cholesterol, are the only facts on which a judgment may be formed as to 
whether squalene is converted into cholesterol. 

With regard to the first, it can be stated that in the present work, in spite 
of the use of a variety of substances other than those recorded here such as 
higher alcohols and cetyl iodide, squalene alone, apart from cholesterol itself, 
causes an increase in liver sterol. It has to be stated, however, that in a previous 
paper [Channon & Collinson, 1928] there were recorded certain increases in the 
percentage of cholesterol in the liver of animals which received either oleyl 
alcohol or phytol. In that work the absolute amount of cholesterol in the liver 
was not calculated and therefore the absolute increase cannot be stated. Apart 
from this, the influence on the amount of liver cholesterol of factors such as the 
dietary history and the necessity of using large groups of animals had not been 
appreciated at that time. For these reasons it would be unwise to place reliance 
on the increases recorded without more extensive investigation of such increases. 
In view of the capacity of tissues to degrade cholesterol, the fact that any in- 
crease occurs could be taken as strong evidence in favour of conversion. In this 
connexion, an interesting experiment was carried out by Dr J. Devine in this 
laboratory a few years ago. In view of the synthesis of squalene by condensation 
of two molecules of farnesyl bromide [Karrer & Helvenstein, 1931] farnesol was 
administered to rats. In spite of the fact that it was absorbed far better than 
squalene, it caused no increase in liver sterol. Hence, if the sterol increase in the 
liver is regarded as demonstrating the conversion of squalene into cholesterol, 
it implies a direct cyclization which in turn requires a number of further unusual 
reactions. From present knowledge, both of the latter phenomena seem 
improbable. Again, while the equating experiment with cholesterol (Exp. 2) 
seems strong evidence for conversion of squalene into cholesterol, it is possible 
that it also may be of less value than is at first sight apparent. It is common 
knowledge from work from various laboratories that, when cholesterol is 
administered in the diet, it appears in the tissues chiefly in the liver in the early 
stages and that its amount progressively increases. It might be anticipated 
therefore that if squalene were absorbed in sufficient amount to cause an 
increase in liver sterol after 3 weeks, its amount would increase progressively with 
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time. Such is not the case, for in experiments designed to investigate this point, 
no greater increase was observed after 20 weeks. 

Other possible causes for the sterol increase in the liver are, however, difficult 
to visualize. In earlier work [Mahdi & Channon, 1933; Channon & Devine, 1934] 
it was found that n-hexadecane which was fairly well absorbed could not be 
isolated from the livers of rats and did not cause a sterol increase. It could, 
however, be obtained from the unsaponifiable fraction of the carcasses. It is 
possible that squalene appearing in the liver itself for some reasons yet to be 
discovered, possibly along the lines of the preferential absorption of highly 
unsaturated acids which Sinclair [1929] has shown to occur, has an effect by 
virtue of its unsaturated nature on the permeability of the cells and that this in 
turn is compensated by an increase in the liver sterol content. 

Another attempt was made to obtain further evidence on the problem of the 
conversion of squalene into cholesterol by administering squalene to cod. It will 
be remembered that Drummond e¢ al. [1925] and Drummond & Baker [1929] 
showed that squalene occurred in traces in cod liver, and it seemed possible that 
further evidence might therefore be obtained by a study of this fish. Cod of 
approximately 2 kg. in weight were caught and transferred to the tanks of the 
Marine Biological Station, Port Erin. They refused to eat for about 3 weeks. 
After this, squalene was administered to them by insertion in capsules into 
mussels, which were readily consumed, and after the administration of an 
average amount of 8-5 g. of squalene in this way to each cod over a period of 
21 days, they were killed and their livers analysed. The results are recorded in 
Table VIII, calculated on the basis of 1 kg. body weight. 


Table VIII. The unsaponifiable fractions of the liver of the cod, per kg. 
body weight 
Wt. of Unsap. Lv. of 


liver matter Sterol Non-sterol non-sterol 
Exp. ; g- mg. mg. mg. calculated 


Control 18-8 182-0 84-1 97-9 132-6 
Control é 27°3 199-5 88-6 110-9 148 

Squalene 24-6 253-0 83-4 168-6 286-8 
Squalene 2 46-4 286-9 94-1 192-8 301-3 
Squalene : 28-2 347-9 106-2 241-4 267-7 


While the data in Table VIII are limited, they are sufficient to show that 
there has been little, if any, increase in the cholesterol content of the livers, 
although the 1.v. clearly demonstrated that squalene itself had been deposited. 
The amount of squalene calculated from the I.v. represents, however, no more 
than 3-2 % of the squalene administered. 


SUMMARY 


1. When squalene is administered to rats in amounts of the order of 1% of 
the diet for 21 days, there results an increase in liver sterol averaging about 
50%, an increase in faecal sterol averaging 33%, with no change in the carcass 
sterol. The sum of the liver and faecal sterol increases is equivalent on the 
average to one-eighth of the squalene administered. 

2. The increase in liver sterol was equated against that caused by cholesterol 
feeding and it was found that the amount of the food cholesterol necessary to 
cause the same liver cholesterol increase was roughly molecularly equivalent to 
the squalene. The liver sterol increase was confined to the cholesteryl ester 


fraction. 
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3. When partly hydrogenated squalene, 1.v. 100, is administered, little 
absorption occurs and there is no increase in liver sterol. The faecal increase is, 
however, again apparent, suggesting that the faecal excretion caused by 
squalene is to be dissociated from the liver increase and is due to the unabsorbed 
hydrocarbon passing through the intestine. 

4, This suggestion received confirmation in that n-hexadecane had the same 
effects in increasing faecal excretion without increasing liver sterol. 

5. The solubility of cholesterol in partly hydrogenated squalene and 
hexadecane is too low to account for the increased faecal excretion and it appears 
unlikely that the effects of the hydrocarbons are thus due entirely to solvent 
action. This suggests that the hydrocarbons cause increased production of 
cholesterol in the intestine or interfere with the absorption of cholesterol. 

6. Squalene was administered to captive cod, but did not cause a sterol 
increase in the liver, although the hydrocarbon itself appeared in the liver. 

7. While no definite conclusion is possible, the evidence on the whole 
suggests that squalene is not converted into cholesterol. 


We wish to thank the Government Grants Committee of the Royal Society 
for a grant from which the expenses of this research were in part defrayed, our 
colleagues Dr R. J. Daniel and Mr J. R. Bruce for their assistance with the cod 
experiment and Messrs Neale and West for the liberal supply of the liver oil of 
Scymnorhinus lichia. 
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In the standard works on wood chemistry [Schorger, 1926; Hawley & Wise, 
1926; Hagglund, 1928] comparatively little attention is paid to the question of 
the sampling of wood flour for analysis. A representative sample of flour having 
once been obtained by grinding sawdust or shavings, it has been the common 
practice for almost twenty years to fractionate it by screening and to accept for 
analysis the fraction which passes the 80-mesh and is retained by the 100-mesh 
screen. In recent years 60—-80-mesh material has frequently been used. The first 
serious objection to the current method of sampling was raised by Cohen & 
Dadswell [1931] who stated that it was not applicable to certain Australian 
woods, many of which were found to contain high percentages of a brittle, kino- 
like material. It was contended that during the grinding of such woods the 
“‘kino”’, on account of its brittleness, is comminuted much more readily than 
the rest of the wood and, therefore, tends to concentrate in the screened fractions 
of smallest particle size. It was further stated that even during the screening of 
flour obtained from woods containing little or no ‘‘kino”’ there is a tendency to- 
wards the concentration of certain minor constituents in the finely ground 
fractions. The suggestion was, therefore, made that, to obtain accurate analytical 
data from any wood flour, no part of the sample should be rejected. However, 
the recommendation that the whole sample should be ground to pass a 100-mesh 
screen has not met with universal approval, presumably because of the fear 
that comminution to such a fine state of division might have an adverse effect 
on certain determinations and on the Cross and Bevan cellulose determination in 
particular. The present study was undertaken in order to examine the whole 
question before making any radical changes in the procedure in use in this 
Laboratory. The wood chosen for examination was Australian jarrah (Hucalyptus 
marginata Sm.), chiefly on account of its reputed high content of “‘kino”. 

The Australian authorities quoted above have pointed out that the presence 
of ‘‘kino”’ of the type found in jarrah wood introduces other complications into 
the analysis, in addition to that already mentioned. Its low solubility in most 
neutral solvents and in sulphuric acid leads to high lignin values, and difficulty 
in isolating cellulose by the Cross and Bevan procedure has been attributed to 
the resistance of “‘kino” towards delignifying agents. 






































EXPERIMENTAL 


Apart from the properties already mentioned, comparatively little is known 
concerning the kino-like substances of the Australian eucalypts. Cohen [1936] 
states that they do not yield furfuraldehyde when boiled with 12% HCI, 
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nor do they contain methoxyl groups. The following observations were made on 
a sample, kindly supplied by the Chief of the Division of Forest Products, 
C.S.1.R., Melbourne, of a dried exudation of “‘kino”’ from a gum pocket in a 
jarrah tree. 

The material was in the form of hard brittle lumps and almost black in 
colour. By repeated grinding it could, with difficulty, be reduced to a reddish 
brown powder containing fragments of wood. These latter were removed as far 
as possible. The data in Table I were obtained from two separate fractions of the 
powder. 


Table I. Partial analysis of dried “‘kino” exuded from a jarrah tree 


Results expressed as percentage by weight of oven-dry “kino” 


(1) (2) 
60-mesh 100-mesh 

Moisture 17-05 20-27 
Methoxyl groups 0-10 0-28 
Furfuraldehyde-yielding substances Nil Nil 
Lignin-like residue after digestion with 72% H,SO, for 34-74 10-74 

16 hr. at 10° and subsequent boiling with 3% acid 
Loss of weight on extraction with alcohol-benzene Not determined 25-87 

followed by washing with hot water 
Soluble in 10% ammonia 84-61 Not determined 


An insignificant amount of the material dissolved on extraction with alcohol- 
benzene alone, but the 100-mesh sample swelled to a gelatinous mass which 
yielded a copious red extract to hot water. The residues remaining after water 
failed to give further coloured extracts were used for the determination of 
apparent lignin. 72°, H,SO, at 10° had little visible action on the material, but 
a deep red solution was obtained after diluting the acid to 3% and boiling for 
2 hr. The lignin-like residues were black in colour and the 100-mesh material 
showed an insignificant loss in weight after a second digestion with acid. The 
solubility of the “‘kino” in 10% aqueous ammonia was determined by digesting 
2 g. of the material in 100 ml. of the reagent at room temperature (21°) for 24 hr. 
The soluble portion was again deep red in colour and the oven-dried residue was 
quite black. 

Only a trace of the sample of powdered ‘‘kino” was soluble in either water or 
alcohol, but the extract in each case gave a violet coloration with ferric chloride 
which suggested the presence of phenolic groups. The material was completely 
soluble in 1% sodium hydroxide solution at 98°. Acidification of the deep red 
solution with sulphuric acid changed the colour to yellow but did not give rise 
to any precipitate. In another connexion Campbell & Swann [1937] have shown 
that jarrah wood is bleached almost white on treatment with alkaline hydrogen 
peroxide at room temperature. A sample of the “‘kino” referred to above was 
rendered completely soluble by the same reagent. The final solution was pale 
yellow in colour. Sufficient information is now available to indicate that in the 
matter of solubility at least the ““kino” normally present in the wood substance 
of seasoned jarrah is vastly different from the product exuded from the living tree. 
This may indicate nothing more than a relatively higher degree of polymeriza- 
tion in the former product, but to apply the term “kino” to both substances 
might at some time lead to confusion. Subject to this reservation the term is 
here accepted for the minor component of jarrah wood which is highly insoluble 
in sulphuric acid and, therefore, interferes with the lignin determination. 
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The analysis of jarrah wood flour 


Approximately 0-5 cubic foot of jarrah heartwood was converted to dust by 
means of an ordinary circular saw. The portion of the sawdust which passed 
a standard 60-mesh screen was rejected and the remainder was ground by passing 
it through a Barron No. 0 mill once. The object of this procedure was to observe 
the effect of grinding alone and to obtain analytical data for the whole of the 
wood submitted to this type of comminution. The whole of the sample which 
had been ground was separated on B.S.I. Standard screens into the five fractions 
indicated in Table II. 


Table II. Analyses of jarrah wood before and after extraction with 
N/4 sodium hydroxide for 1 hr. at 98° 


Figures, except where otherwise stated, are percentages of oven-dry weight of untreated wood. 
B=Before extraction. A=After extraction 
Particle size (mesh) —50 50-60 60-80 80-100 100- 
Oven-dry weight of sifted wood 877 g. 941 g. 381 g. 139 g. 435 g. 
Loss of weight on extraction with sodium 21-31 23-13 23-44 23-55 30-64 


hydroxide 
B A B A B A B 

Hot water-soluble 1:20 138 127 121 106 41:15 142 41:32 = 1-67 

No. of chlorinations in cellulose determination 9-10 9 9 7 6 6 6 5 5 
Cellulose 46°82 44-75 48-07 44:89 46-60 43-66 46:29 4452 40-26 
Pentosans in cellulose 466 470 489 487 420 439 404 483 2:33 
Pentosans in cellulose, % of cellulose 9-92 1051 10-17 1085 9-01 1006 8-73 10-85 5-79 
Pentosans not, in cellulose (by difference) 846 576 828 547 924 583 959 549 10:56 
Pentosans (total) 13:12 10-46 13-17 10-34 13-44 10-22 13-63 10-32 12-89 
Lignin 37-79 23-89 37-08 22:90 37:22 22-64 36-99 22-62 39-03 
Methoxyl in lignin 595 465 589 465 592 466 591 473 5-61 2 
Methoxyl in lignin, % of lignin 15-63 19-52 15-84 20-38 15:92 20-58 16:03 20-94 1432 2148 
Methoxyl not in lignin (by difference) 104 O91 108 O89 102 O89 42111 O78 1-23 72 
Methoxy! (total) 699 556 697 554 694 555 702 551 684 50 


Each fraction was weighed and its moisture content determined. The total 
oven-dry weight amounted to 2773 g. The fraction which failed to pass the 
50-mesh screen contained wood particles up to 5 mg. in weight and 5 mm. in 
length. The lower limit of particle size of the fraction passing the 100-mesh 
screen was not determined. Each of the fractions was now analysed (Table II) 
according to the methods in use at this Laboratory including the modification 
of the lignin determination recommended by Bamford & Campbell [1936]. In 
this latter connexion it was observed that the most satisfactory lignin values 
for the fractions of comparatively large particle size could only be obtained by 
digesting 2 g. samples of wood with 25 ml. of 72% H,SO, for 16 hr. at 10°, after 
extraction with alcohol-benzene (1:2) and hot water. A period of 16 hr. 
digestion was, therefore, applied throughout the series in order to preserve 
uniformity, although in ordinary circumstances 5 hr. digestion would have been 
adequate for 80-100-mesh flour. The determination of Cross and Bevan cellulose 
in the fractions of particle size greater than 60-80-mesh was comparatively 
difficult. In the case of the material which failed to pass the 50-mesh screen the 
following procedure had to be adopted in order to obtain reasonably accurate 
values for the cellulose content. Duplicate determinations were made (1) by 
chlorinating ten times for an aggregate of 70 min. and (2) by chlorinating nine 
times for an aggregate of 48 min. Method (1) gave results which were obviously 
somewhat low, and method (2) results which were slightly high owing to in- 
complete delignification. The value 46-82% for the cellulose content of the 
~50-mesh fraction (Table IT) represents the mean of duplicate results obtained by 
the two methods, and is accepted as the closest possible approach to the true 
value. In the case of the 50-60-mesh material nine 5-min. chlorinations were 
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required, but satisfactory cellulose estimations were possible in all the otier 
fractions after not more than six 5-min. chlorinations. 

Table II also shows the respective compositions of the various fractions 
after extraction with N/4 aqueous sodium hydroxide solution at 98° for 1 hr. 
under conditions analogous to those employed in the ordinary analytical deter- 
mination of alkali-solubility. 

Discussion 


The distribution of “kino” throughout the five fractions, 
and its significance 

The data in Table II reveal that except in the 100-mesh fraction alkali- 
solubility is remarkably uniform. This, together with the fair uniformity of the 
values for lignin and methoxy] in lignin respectively, indicates the presence of 
a reasonably uniform percentage of “kino” in the fractions of particle size 
greater than 100-mesh. A relatively high percentage of “kino” is obviously 
present in the 100-mesh material since the percentage of apparent lignin is 
higher, and that of methoxyl in lignin lower, than the corresponding values 
in the other fractions. It must, therefore, be concluded that during the grinding 
of jarrah sawdust ‘“‘kino”’ definitely tends to concentrate in the finely ground 
material, but the full significance of this fact is not immediately apparent from 
the data. It may be inferred, however, that serious losses of “kino” from the 
larger particles of wood during grinding will depend chiefly on the proportion 
of 100-mesh material produced in the process. 

In his more recent work, Cohen [1934] has introduced a method of calculating 
the true lignin contents of woods containing ‘‘kino” which is based on the fol- 
lowing assumptions: 

(1) that “kino” contains no methoxyl groups; 

(2) that, while V/8 NaOH at 98° removes all the “kino” and a portion of 
the lignin from certain Australian woods in 1 hr., the residual lignin has the 
same methoxyl content as the lignin which is removed. It had already been 
proved by Harris [1933] that in the case of maple wood the lignin removed by 
N/4 NaOH has the same methoxyl content as the residual lignin. The presence or 
absence of methoxyl groups in the “kino” of jarrah wood is a moot question. 
It has been indicated above that to deduce constitutional factors for this product 
from observations made on the product exuded from the living tree might be 
unsafe. The apparent methoxyl content of exuded “kino” (Table I) might well 
have been derived from wood particles inadvertently mixed with the “kino” 
proper. Nevertheless, it is apparent from the data in Table II that if the “kino” 
present in the wood under investigation does contain methoxyl groups the 
percentage amount is manifestly much lower than that present in the true lignin. 
On the assumption that the amount of apparent lignin remaining in jarrah wood 
after extraction with N/4 NaOH (Table II) is proportional to the amount of 
true lignin originally present, an approximation to the percentage of methoxyl 
in “kino” can be arrived at by means of the following equation: 

L, 
1,” a | 
Ly, P 
TAA 
where m= % methoxyl content of “kino”, 
L=% of apparent lignin remaining after extraction with N/4 NaOH, 
A=¥% of apparent lignin in original wood, 
and y=methoxyl content of apparent lignin as % of oven-dry wood. 


m= 100 x 
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The subnumeral ‘‘2” denotes values for 100-mesh material and “1” denotes 
values for any of the other four fractions (Table II). The pairing of the values for 
100-mesh material with those for each of the other four fractions in turn in the 
above equation gives values for ‘“‘m” varying from 4-54 to 7-62%. At present 
there is no means of testing by direct experiment whether the “kino” present in 
the seasoned wood substance actually contains methoxyl groups, so that for the 
purposes of the arguments which follow Cohen’s [1934] method of calculating the 
true lignin content has been accepted. Percentage “kino” contents have been 
derived by subtracting the calculated true lignin content from determined 
apparent lignin in each case. These values for “kino” content are admittedly 
not strictly accurate if “kino” is soluble to any extent in sulphuric acid but they 
are considered to be accurate enough for the purposes of this discussion. 

It will be conceded that the closest possible approximation to the percentage 
composition of the starting material which can be obtained from the data in 
Table II can only be arrived at by calculating the sum of the weights in g. of 
each constituent in the five fractions as a percentage of 2773, i.e. the dry 
weight in g. of the entire sample. The calculated mean composition of the entire 
sample is recorded in Table III for comparison with the respective determined 
percentage compositions of the five fractions. 


Table III. Calculated percentage composition of entire sample of jarrah wood 
compared with the determined compositions of the various fractions 


Results expressed as percentages by weight of oven-dry wood 


Calculated 
mean 
composition 


Hot water-soluble 1-29 
1% NaOH-soluble 23-79 
Cellulose 46-16 
Pentosan in cellulose 4-28 
Pentosan not in cellulose 8-89 
Total pentosans 13-17 
Lignin + “kino” 37-63 
Lignin calc. 29-06 
Methoxy] in (lignin +*‘ kino’’) 5-87 
Methoxyl as % (lignin + “* kino’’) 15-60 
Methoxy] not in (lignin + “‘kino”’) 1-08 
Total methoxyl 6-95 
“Kino” 8-57 
Sum of water-soluble, cellulose, 95-05 

lignin + “kino”’, pentosan not in 

cellulose and methoxyl not in 

lignin 


These data show very clearly that either the 60-80 or the 80-100-mesh 
material gives results which are in close agreement with the mean values despite 
the fact that the former fraction only represents approximately 1/7th and the 
latter 1/20th of the starting material. It is freely admitted, however, that if the 
grinding process had been such that the bulk of the sample passed the 100-mesh 
screen the above conclusions would not hold, but the following considerations 
will show that there are strong a priori grounds for not grinding a wood sample 
to an exceedingly fine state of division for the purposes of analysis. 

Since it has been possible to arrive at a close approximation of the per- 
centage amount of “kino” in each of the five fractions it is of interest to calculate 
from the data in Table III the mean composition of the entire sample and of 
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each of the five fractions on the basis of “kino”-free oven-dry wood substanve. 
This has been done in Table IV. 


Table IV. Calculated composition of oven-dry, kino-free jarrah wood 
Calculated 


mean —50 50-60 60-80 80-100 100- 
Hot water-soluble 1-41 1-29 1-38 1-16 1-56 1-91 
Cellulose 50-49 50-46 52-30 50-91 50-72 45-95 
Pentosans not in cellulose 9-72 9-13 9-01 10-09 10-51 12-04 
Lignin 31-78 32-95 31-55 31-41 30-96 30-42 
Methoxy] not in lignin 1-18 1-12 1-17 1-11 1:22, 1-40 
Total accounted for 94-58 94-95 95-41 94-68 94-97 91-72 


It is now observed that the major constituents account for practically 95% 
of the ‘““kino”’-free wood substance in each case, with the exception of the 100- 
mesh sample where the total accounted for is only 91-72%. From these data 
it is clear that the Cross and Bevan cellulose content of the latter material is too 
low. This can only be accounted for by the fine state of division of the 100-mesh 
material. At this stage it should be pointed out that Staudinger et al. [1936] 
have stated that grinding of wood results in the depolymerization of cellulose 
and confirmation of this statement is forthcoming from the results of the present 
investigation. 

From Tables II and IV it can be seen that there is a general tendency for the 
Cross and Bevan cellulose values to decrease with decreasing particle size, the 
decrease being most marked in transition from material which fails to pass the 
100-mesh screen to that which passes it. This decrease in cellulose content is 
closely shadowed by a decrease in the pentosan content of the cellulose itself 
and an increase in pentosans not in cellulose. This indicates that, in the material 
of the smallest particle size, part of the wood which, chemically, appertains to 
the Cross and Bevan cellulose is not estimated as such, but is lost during the 
determination on account of its fine state of division. The effect of grinding on 
the lignin complex in wood is naturally not so well marked as the effect on the 
cellulose, since it is generally agreed that if chain molecules exist in lignin they 
are very much shorter than cellulose chains. It is conceivable that under certain 
conditions the grinding of wood to a fine state of division might even result in 
the concentration of part of the lignin in the screened fraction of smallest particle 
size. 

To sum up, it must be concluded that any grinding operation applied to 
wood tends to detract from the accuracy of the cellulose and possibly also the 
lignin determination, the effects being most marked in the ground wood of 
smallest particle size. If grinding of sawdust is considered to be a necessary 
preliminary to any wood analysis it follows that the process should be regulated 
to yield a minimum amount of fine dust. This latter should be discarded. 
Experience has shown that, in general, either 60-80 or 80—100-mesh wood flour 
gives the most satisfactory results for the various determinations in use at the 
present time. Having regard to all the data presented above it is suggested that 
the composition of the entire sample of jarrah wood under investigation is best 
represented by the data obtained for the 60-80-mesh fraction. 


SUMMARY 


1. The “kino ”-like substance which exudes from the living jarrah tree is shown 
to differ in several important respects from the product which is normally 
present in the wood substance of the seasoned timber. 
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impact mill, “kino” tends to concentrate in the fraction of smallest particle 
‘size, but under certain conditions this fact is shown to be of relatively little 
significance in the sampling of wood for analysis. 

3. It has been shown that any grinding operation applied to wood tends to 
detract from the accuracy of the cellulose and lignin determinations, the effects 
being most marked in the ground wood of smallest particle size. 

4. It is suggested that wherever grinding is considered to be a necessary 
process in the sampling of wood for analysis it should be regulated to produce a 
minimum e fine dust, and that this latter should be discarded. 

5. In‘view of the above considerations it is doubtful whether the current 
practice of selecting the 80-100 or 60—80-mesh fraction of wood flour for analysis 
can be improved upon. 


2. During the screening of jarrah sawdust which has been ground in an 
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In various papers in this series and elsewhere the author has drawn attention 
to peculiarities of composition characterizing the fats from fish of certain 
families, such peculiarities usually being more or less specific for a family. It is 
noteworthy that throughout the animal kingdom as a whole the greatest 
divergence of fatty acid types in the glycerides of the different species is to be 
found in the depot fats rather than in the organ (e.g. the liver) fats. Indeed the 
liver fats of such diverse forms as mammals and fish are not very dissimilar, 
whereas the depot fats have very little in common. In the case of fish this broad 
generality is masked to some extent by the fact that the liver is frequently 
utilized as a fat depot. 

The significance of specific compositions from the biological standpoint has 
been considered by Hilditch & Lovern [1936]. In the present paper this subject 
is dealt with from a different angle, namely the types of peculiarity that may be 
encountered, together with suggestions as to the manner in which some of these 
modifications are brought about. Most of the types studied were suggested by 
previous work and are now amplified by additional examples, chosen as likely 
to illustrate these processes. 

EXPERIMENTAL 

The following fats were examined and the composition of their fatty acid 
mixtures is recorded in Table I: liver fats of the pollack (Gadus pollachius), 
turbot (Rhombus maximus), salmon (Salmo salar), catfish (Anarrhichas lupus), 
angel fish (Squatina angelus), ratfish (Chimaera monstrosa) and spotted dogfish 
(Scyllium canicula): body fats of the turbot, halibut (Hippoglossus hippoglossus), 
sea trout (Salmo trutta), brown trout (S. trutta), and lampern (Petromyzon 
fluviatilis): mesenteric fat of the salmon. 


Discussion 


The composition of an animal fat will depend on the particular species 
studied and to some extent also on the type and quantity of fat taken by that 
animal in its food. There may be other factors but these two are definite. As far 
as the majority of fish are concerned, their food is roughly constant on balance, 
being the smaller specimens of mixed species. The ingested fat will therefore be 
a sort of “average” fish fat. This “average” fat will be different, however, in 
fresh or salt water, since it has been shown repeatedly [Lovern, 1932; 1934, 3; 
1935, 1] that fresh-water and marine fish fats are of different types even allowing 
for individual specific variations. The evidence of other workers agrees with this 
statement [Shorland & McIntosh, 1936; Belopolsky et al. 1936]. The final proof 
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Table I. Compositions of fatty acids of fish fats (wts. °/,) 


Source Saturated Unsaturated 
Cie Cig D * Cryo Coo 
Pollack liver 2- 13-0 1-4 c 34:2 25:4 - 13-0 
5 (—5-4 H) (-— 65 H) 


Turbot liver 7-6 14-9 0-8 5 21- 27- 14-0 12-7 
2. (-61H) (— 67H) 





2 26-6 21-9 
(—3-4 H) (-— 7-7 H) 


Halibut body 4: 14-8 0-7 ire 23-8 26-£ 23-3 
(—3-0 H) “2 (— 65H) 


Salmon liver 2- 6 7 “¢ 32:8 13-2 


Turbot body 3-4 15-1 2-1 


(—2-9 H) 51 (— 7-8 H) 


Salmon mesentery 3-6 4 ¢ , ° 25-3 28-4 18-8 
(-29H) (-46H) (-— 61H) 

Sea trout body 22 }- 8 26°3 19-7 19-0 
(-30H) (-66H) (— 92H) 

Brown trout body 3: é 5 “ 38-3 15-0 8-2 
(—3-9 H) (—T7-8 H) (—10-1 H) 

Catfish liver “ eg . 46-8 12-0 59 
(—2-6 H) (—6-4 H) (— 82H) 

20-7 21:9 30-5 
(—3-0 H) (—6-0 H) (—10-2 H) 

Ratfish liver 3+: 2t 2° 50-6 19-6 7-9 
(—2-2 H) (—2-9 H) (— 3-5 H) 

25-3 24-4 24:8 
(—3-0 H) (—6-4 H) (— 9-2 H) 

Lampern body 9-8 “6 “7 og 35:3 15:3 10-7 
(—2-6 H) (—6-5 H) (—10-3 H) 


Angel fish liver 
Spotted dogfish liver 


* Plus 0-4 % Cyo. t Plus 1:3 % Cop and 0:4 % Cop. 


of the genuine nature of this type difference is to be found in the figures for the 
sea trout and brown trout given in Table I. These fish are now regarded as 
merely the migratory and non-migratory forms respectively of the same species 
and yet their fats fall quite definitely into the marine and fresh-water classes 
respectively. In earlier evidence from the salmon [Lovern, 1934, 3] the young 
stage was compared with the adult stage. With these trout, however, each 
variety was adult but one had been feeding in the sea and the other only in 
fresh water. 

This overriding type distinction must obviously be taken into account in 
considering the nature of specific peculiarities. It is possible to show graphically 
the difference between marine and fresh-water fish fats, and at the same time to 
arrive at a conception of the ‘‘average” type for each medium, i.e. some idea of 
the normal food fat of most species. This has been done in Figs. 1-4. The 
differences of type principally concern the unsaturated acids percentages. Each 
of the four major component groups, C,,, Cig, Coy and C5, is considered separately. 
In Fig. 1, for instance, the abscissae represent percentages of C,, unsaturated 
acids, approximated in each case to the nearest 5 units. The ordinates represent 
the frequency (i.e. the percentage of the total number of fats examined) with 
which that content of C,, acids has been encountered. Fresh-water and marine 
fats are plotted separately and obviously the respective maxima give an idea 
of the average composition. Furthermore, the shape of the curve indicates in 
each case whether or not the majority of samples fall within a narrow range of 
this average, whilst the relative positions of the two curves on each figure show 
how sharp a differentiation is to be expected between marine and fresh-water 
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Fig. 2. 
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Fig. 5. Frequency of total C,, acids percentages. © =marine. 4 =freshwater. 
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fats as regards that particular acid. Figs. 1-4 are for Cy,, Cig, Cy and C,, acids 
respectively. Only true fish fats are included (i.e. no invertebrate or aquatic 
mammal fats) and no fish gonad fats are represented. 17 fresh-water and 
44 marine fish fats are represented, some being the author’s own analyses and 
some from other sources. 

From Fig. 1 it is evident that whilst a difference in the direction of a higher 
content of unsaturated C,, acids in fresh-water fats is to be expected, there is no 
sharp distinction (much overlap). This may be due to specific peculiarities often 
affecting these acids, especially as the author has inferred in several papers a 
reversible controlling mechanism between saturated and unsaturated C,, acids. 
Actually if total C,, (i.e. saturated plus unsaturated C,,) acids are plotted there 
is a rather better differentiation between marine and fresh-water fats as shown in 
Fig. 5. The two trout fats in Table I show this slight difference in their contents 
of Ci, acids (again especially on total C,, acids). Incidentally, points well off 
the smooth curve (as for example in Fig. 1) are obviously due to the method of 
approximating to the nearest 5 units and are presumably the result of dealing 
with an insufficient number of samples (17 in this case). 

From Fig. 2 it can be seen that a well marked difference exists between the 
average marine and fresh-water fats as regards C,, unsaturated acids. Again the 
trout figures in Table I show this distinction. At the same time whilst most of 
the oils fall within a fairly narrow range, there are a few specimens well outside 
it. These are obvious peculiarities, either specific or due to an unusual diet or 
other factor. Thus the extreme point on the fresh-water curve (65% C,,) repre- 
sents some tropical carp fed solely on grass [Lovern, 1935, 2]. 

From Fig. 3 it can be seen that there is good differentiation between marine 
and fresh-water fats as regards C,) acids. Again this is illustrated by the trout 
fats, although not very strikingly. Furthermore, the fresh-water fats are very 
uniform but the marine fats show greater variations in their contents of this 
constituent. 

Fig. 4 shows a well marked difference in the C,, acids content of marine and 
fresh-water fats. The trout fats afford a good illustration. 

With the aid of these figures it is now easier to consider some actual types 
of specific peculiarities that have been encountered. For the sake of clarity the 
bearing of the data in Table I on certain types of peculiarity will be considered, 
rather than the peculiarities of each fat (or group of fats) by itself. Thus certain 
of the fats exhibiting more than one type of specific character will be dealt with 
from several angles in the appropriate places. The types of specific qualities will 
be grouped under subheadings. 


(a) Peculiarities of unsaturation 


In ali the papers in this series and elsewhere the practice of the author has 
been to express degrees of unsaturation in terms of lack of hydrogen (Table I). 
At present there is no quantitative method for estimating the proportions of 
acids of the same number of carbon atoms but of different degrees of unsatura- 
tion. Hence average figures are given for each group. Irrespective of any 
variation in their contents of different (molecular) acid groups some fats show 
abnormalities in the degrees of average unsaturation of one or more of the acid 
groups. The values vary considerably from fat to fat (especially those for Cy, 
acids) but the majority of samples have values ranging from about —2-0 to 
—2-5H for C,, acids, —2-6 to —3-3 H for C,, acids, —5-5 to —6-5 H for Cy 
acids and —7-0 to —9-5 H for C,, acids. Fresh-water fish fats as a whole tend to 
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have higher figures than marine fish fats. The brown and sea trout fats in 
Table I are an illustration. 

In earlier papers [Hilditch & Houlbrooke, 1928; Guha et al. 1930; Lovern, 
1930] it has been indicated that the fatty acid compositions of Elasmobranch 
fish (sharks and rays) fats exhibit peculiarities of unsaturation. In some of 
them the C,,, Cy) and especially C,, acids tend to have higher degrees of average 
unsaturation than is usual for fish fats. On the other hand certain other Elasmo- 
branch fish are characterized by fatty acids of abnormally low degrees of average 
unsaturation. The three Elasmobranch fish in Table I (angel fish, spotted dogfish 
and ratfish) illustrate both these types. 

In the above papers suggestions were made that there seemed to be some 
connexion between the fatty acid composition (in Elasmobranch fish) and the 
presence or absence of squalene in the unsaponifiable fraction. Squalene- 
containing oils had acids of low unsaturation, non-squalene-containing oils had 
acids of high unsaturation. One of the fats used to illustrate this argument was 
that of the grey dogfish (Squalus acanthias) reported by Guha et al. [1930] to 
contain some squalene. This statement was questioned by Tsujimoto [1932] who 
stated that the liquid part of the unsaponifiable matter of S. acanthias is mainly 
selachyl alcohol, the saturated chimyl and batyl alcohols also being present. 
Accordingly the author made a further study of the unsaponifiable fraction of 
S. acanthias liver oil and the results agree with those of Tsujimoto. Further, 
squalene is definitely absent, as no hydrochloride could be obtained. The 
connexion between squalene and the fatty acid type (which was always difficult 
to understand) therefore breaks down and is further disproved by the ratfish 
results. The ratfish liver oil contained 37-5°% of unsaponifiable matter which 
was almost entirely a mixture of chimyl, batyl and selachy] alcohols, squalene 
being absent. The ratfish acids are of the relatively saturated type. These three 
alcohols have a rather widespread distribution amongst Elasmobranch fishes 
and a search of the literature (e.g. Griin & Halden [1929]) shows that wherever 
they occur the accompanying fatty acids are relatively saturated (indicated by 
the iodine value of the oil). The genuinely squalene-containing oils examined by 
Hilditch & Houlbrooke also contain these alcohols. There are, however, a few 
oils with relatively saturated fatty acids which do not contain any appreciable 
quantity of these substances (e.g. the oil examined by Tsujimoto [1932]). The 
angel fish and spotted dogfish oils contained 1-4 and 2-2% of unsaponifiable 
matter respectively, in each case consisting mainly of cholesterol, and the acids 
were of the relatively unsaturated type. 

Now the two types of fatty acid mixture found in Elasmobranch fish both 
differ from the normal in a related manner. One kind is more unsaturated, the 
other less unsaturated than the average. The writer has in several papers 
[e.g. 1936] adduced evidence of fat hydrogenation and dehydrogenation pro- 
cesses in fish. The mechanism is presumably enzymic and therefore probably 
reversible. Thus the enzyme acting one way in certain fish might give an 
unusually saturated fat whilst in others it could produce an unusually un- 
saturated fat. It is suggested that this is in fact what happens in Elasmobranch 
fish. As far as the relatively saturated type is concerned, there is some con- 
firmatory evidence that hydrogenation has been going on. In the case of the 
ratfish arachidic and behenic acids were present. These acids (especially behenic) 
are very rare in fish fats and would not be ingested in anything other than 
minute traces by the fish. Their presence, coupled with such markedly reduced 
unsaturation of the corresponding unsaturated acids, is strongly suggestive of 
their origin by hydrogenation. Hilditch & Houlbrooke [1928] also reported 
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arachidic acid and in one oil a trace of behenic acid in the two relatively saturated 
shark liver oils which they examined. 

An apparent correlation between the presence of chimyl, etc., alcohols and a 
relatively saturated fatty acid mixture becomes understandable with this con- 
ception of hydrogenation. These alcohols, which are the monoglycery] esters of 
hexadecyl, octadecyl and octadecenyl alcohols respectively, must have been 
synthesized by the fish and their production can be most readily pictured by a 
hydrogenation of the glyceride molecule affecting the carbonyl group. In the 
oils, moreover, these alcohols are found mainly combined with two fatty acid 
radicals [André & Bloch, 1932] as would be expected on this theory. The sug- 
gestion is, therefore, that these alcohols and the relatively saturated fatty acids 
which always accompany them are formed by modifications of the same process, 
and that their association is due to this. There is some evidence from certain 
marine mammals also of a relationship between the presence of wax alcohols 
(in this case not coupled to glycerol and presumably derived, therefore, from 
acids rather than glycerides) and the simultaneous occurrence of a relatively 
saturated fatty acid mixture [Hilditch & Lovern, 1928]. 

Several fish fats have been reported where one particular acid group only is 
abnormal in its degree of unsaturation. Three such are halibut liver oil [Lovern, 
1932] and conger eel liver and peritoneal fats [Lovern, 1934, 1]. In the two liver 
fats the C,, acids were exclusively monoethylenic whilst in the conger eel 
peritoneal fat such was almost the case. For comparison with the halibut liver 
oil result we may take halibut body oil and turbot liver and body fats from 
Table I. (Halibut and turbot belong to the same zoological family.) It will be 
seen that in none of them is so low a degree of unsaturation (of C,, acids) reached 
as in halibut liver oil. Further these four fats vary amongst themselves in a 
rather regular manner. For reference the degrees of unsaturation of halibut liver 
oil may be quoted. These are C,, —2-0 H, C,, —2-0 H, Cy —5-5H and C, 
—7-6 H. It will be seen that in each fish the C,, and C,, unsaturated acids of the 
body fat are more unsaturated than those of the corresponding liver fat. Further, 
the liver and body fats of the turbot both tend to be more unsaturated through- 
out than the corresponding halibut fats. The tunny [Lovern, 1936] is another 
example of a fish having varying degrees of unsaturation (in this case principally 
affecting the C,, acids) in the different fat depots. Such variations from species 
to species and for different depots within the same animal can most readily be 
interpreted with the aid of the hydrogenation/dehydrogenation system postu- 
lated in previous papers and discussed above. It is suggested, therefore, that 
abnormal degrees of unsaturation (either high or low) may be ascribed to specific 
functionings of this reversible system. 


(b) Regular peculiarities in percentage composition 


From Figs. 1-5 a general idea can be obtained of the content of the four main 
acid groups of most fish fats. Now it sometimes happens that a fat will differ 
from this “average” type in a regular manner. For instance, C,, acids may be 
markedly below the average, C,, slightly below, Cy slightly above and C,, 
markedly above the average. Often this peculiarity is evinced in a balanced 
form among the several depots in a single fish—one depot being unusually rich 
in the higher acids and another unusually rich in the lower. Examples of this 
have been dealt with in previous papers [e.g. Lovern, 1934, 1], and the sug- 
gestion was made that the controlling mechanism was operated in some manner 
according to molecular size. Certain depots appeared to be much less permeable 
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(or otherwise unavailable) than others to larger molecules and a molecular 
separation was effected. 

The halibut and turbot data in Table I afford another illustration of this 
type of peculiarity. For comparison the data for the unsaturated acids of 
halibut liver oil may be quoted [Lovern, 1932]; Cy, 18-7 % , Cy, 34:4%, Cu 13-83% 
and Cy, 13-6°%. The two liver fats are quite different from the corresponding 
body fats. The liver fat in each case contains much more C,, and distinctly more 
(,, unsaturated acids than the body fat, but less C, and C,, acids. The main 
fat depot in these two fish is the body and from Figs. 1-4 it can be seen that the 
halibut and turbot body fats are within the normal ranges for marine fish fats. 
The liver fats are not, however. They are too high in C,, acids and too low in 
Cy acids. The C,, and C,, acids are not far from normal. At first sight this looks 
a rather erratic separation. C,, acids would be expected to be about normal (or 
only slightly higher), as they occupy a medium position in molecular size, but 
C,, acids would be expected to be markedly reduced. Actually there is another 
type of specific peculiarity found in turbot and halibut fats which will account 
for this, and it will be discussed in the next section. The total fat of the halibut 
or turbot is almost of the normal marine type apart from this remaining specific 
peculiarity and the liver fats afford another illustration of peculiarities brought 
about by some selection operating according to molecular size. 

Some Elasmobranch fish (of which the angel fish and spotted dogfish in 
Table I are examples) also exhibit peculiarities of this regular type. The contents 
of lower acids (total C,, and C,,) are abnormally low whilst at the other end of the 
chain this is balanced by an unusually high C,, content. 


(c) Irregular peculiarities in percentage composition 

Some fats vary from the average type in a manner which cannot quite be 
classified under the preceding section. In certain cases, however, they approach 
somewhat closely to it and in these instances we may be dealing with the net 
result of more than one specific peculiarity in the same fat. For instance many 
Elasmobranch fish exhibit a modified form of the previous type of effect. Fish 
having acids of the relatively saturated type, accompanied by chimyl, batyl 
and selachyl alcohols, are those in question and the ratfish of Table I may be 
taken as an example. Here also the C,, and C,, acids are depressed, but there is 
no rise in C,, acids. (In the case of the ratfish there is, in fact, a fall in C,, acids.) 
On the other hand, C,, acids make their appearance—only a small amount in the 
case of the ratfish, but much more in other cases (10 and 12 % in the oils examined 
by Hilditch & Houlbrooke [1928]). Thus there is a kind of reciprocal balance. 

A word must be said at this point about the occurrence of C,, acids in 
fish fats. Such acids have been reported to occur in various oils, including cod 
liver oil [Toyama & Tsuchiya, 1934], whilst Brocklesby [1936] states that pil- 
chard body oil contains 15-2 % of highly unsaturated C,, acids. The experience 
of the author, however, has been that C,, acids only occur in appreciable amounts 
in a limited range of fish fats. In other cases, whilst traces may well be present 
these are too small to be estimated. Thus Elasmobranch fish will ingest only 
very small quantities of C,, acids and those which deposit them in appreciable 
amounts in their depot fat must either have concentrated or synthesized them. 

The ratfish oil is a good illustration of another type of irregular peculiarity. 
It sometimes happens that the content of a certain acid (or acids) is greatly 
enhanced or diminished (compared with the normal) in the fat of a certain species. 
The ratfish and the catfish of Table I are examples of the former. C,, acids are 
notably in excess of the average for marine fish. The reason for this is obscure 
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with the data at present available. The catfish (like the sea trout) is also note- 
worthy in having accumulated C,, acids. As far as the catfish is concerned, the 
unusual diet may be a factor to be taken into consideration. This fish lives almost 
entirely on molluscs and, until data are available on arange of mollusc fats, we 
do not know whether the catfish ingests fat of the ‘average’ marine type or not. 

The tunny fats quoted in a previous paper [Lovern, 1936] are instances of a 
species in which certain acids are suppressed, rather than enhanced. C,, acids 
are almost entirely eliminated. The C,, unsaturated acids are reduced in amount 
but this is due to conversion into saturated acid rather than to elimination. 

The halibut and turbot fats show a peculiarity in the relative contents of 
Cy and C,, acids. As can be seen from Figs. 3 and 4 the usual content of C,, 
acids in a marine fish fat is considerably less than the Cy content. (This is even 
more markedly the case for fresh-water fish fats.) A peculiarity of all the halibut 
and turbot fats (especially the liver fats) is that the C,, acid content is nearly 
as high as the C,, acid content. It is probably this irregularity which accounts 
for the C,, acid content of the liver fats being higher than would be expected on 
the molecular size separation, as indicated in the preceding section. These liver 
fats, in fact, are an instance of the joint effect of two opposing specific require- 
ments resulting in some sort of compromise. 

The brown trout is another instance of a fish in which opposing requirements 
have led to compromise, giving an irregular specific character to the fat. The 
requirements of the Salmonidae family include a rather low content of Cy, 
unsaturated acids and a rather high C,, acids content in the body fat [Lovern, 
1934, 2]. In Table I this can be seen for the salmon mesenteric fat but is not 
apparent for the salmon liver fat. The sea trout body fat exhibits these char- 
acteristics very well, with a C,, acids content almost equal to that of Cy acids. 
Now the brown trout, a purely fresh-water form, should in consequence of its 
habitat and/or food supply have fat of the fresh-water type which would involve 
a high C,, unsaturated acids content and a low C,, acids content. In addition, 
of course, the C,, acids should be increased in amount and the C, acids reduced. 
All these differences are, in fact, to be observed between the two fats, as men- 
tioned earlier in the paper. On the other hand the brown trout fat is a poor 
example of a fresh-water fish fat as regards the C,, and C,, acids percentages, as 
can be seen from Figs. 1 and 4. It is, as stated, probably one result of an 
equilibrium between two opposing sets of requirements. 

The lampern fat is of interest as an example of the partially neutralizing 
effect of two opposing factors. The precise habits of these fish are not certain 
but it is known that they visit both salt and fresh water. The specimens examined 
were obtained from tidal reaches of the River Severn, but almost certainly had 
some time previously been feeding in the sea. Part of their fat would be de- 
posited whilst feeding in fresh water (before and perhaps after the sea migration 
also) and part whilst feeding in the sea. The lampern fat is actually a sort of 
compromise between a fresh-water and a marine fish fat, as can be seen by 
comparing the data in Table I with Figs. 1-5. 

There are quite a number of fish which exhibit no definite species peculiarities, 
and of these the pollack (Table I) is an example. It has fat closely resembling 
the “‘average” type as indeed have the members of the Gadidae family as a 
whole. 

SUMMARY 

From time to time in previous papers specific peculiarities in fatty acid 
composition characterizing the fats of certain species and families of fish have 
been pointed out. It has also been demonstrated that the fats of fresh-water 
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and marine species as a whole form two distinct types. The differences between 
these types have now been expressed graphically. These graphs also give a clue 
to the probable average composition of the fat ingested by most species of fish. 

The degrees of average unsaturation of one or more of the acid groups may 
be characteristically abnormal in certain fish. In Elasmobranch fish, for 
instance, certain acids may be either unusually saturated or unusually un- 
saturated. It is suggested that both these types of peculiarity are brought about 
by appropriate modification of a reversible hydrogenation/dehydrogenation 
enzymic system. In many cases the acids of the relatively saturated type are 
accompanied by chimyl, batyl and selachyl alcohols, and it is further suggested 
that these have been produced by different modifications of the hydrogenation 
system. Halibut and turbot are other fish illustrating this unsaturation aspect of 
specific peculiarities. 

Certain fish evince a kind of regular abnormality in the proportions of their 
various fatty acids. Acids of lower molecular weight are either suppressed or 
increased in amount with corresponding increase or suppression of the higher 
acids. Instances given are certain Elasmobranch fish, halibut and turbot. This 
type of peculiarity is apparently controlled in some way by molecular size. 

There are other fish which exhibit peculiarities of an irregular nature, the 
content of a certain acid or acids being increased or decreased apparently without 
reference to the other acids. Examples are the high content of C,, acids in rat- 
fish and catfish, and the virtual absence of C,, acids from the tunny. 

It sometimes happens that two opposing sets of specific requirements are 
found in the same fish and where this occurs a compromise is the result. Examples 
given include the case of the brown trout in which the characteristics of the 
Salmonidae family clash with the effects of the fresh-water habitat of the fish. 
The lampern affords an illustration of the partially neutralizing effect on the fat 
of sea feeding and fresh-water feeding by the same animal. 
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Ir is still generally accepted that the possession of full antigenic properties is 
confined to the class of compounds which may be characterized as complete 
proteins, that is to say proteins which contain a full complement of all the 
commonly occurring amino-acids and probably also a carbohydrate group. 

Certain facts indicate that the aromatic amino-acids, and in particular 
tyrosine, occupy a position of special importance in relation to the development 
of antigenic properties; thus proteins containing no tyrosine are non-antigenic, 
and the specificity of antigenic proteins can be profoundly modified by alterations 
(e.g. nitration, halogenation etc.) in the tyrosine groups which they contain. 

The predominant importance of carbohydrate groups in determining the 
immunological specificity of bacterial antigens was established by the pioneer 
work of Avery, Heidelberger and co-workers on the Pnewmococcus and has been 
amply confirmed by later work on other organisms. Moreover, the study of 
artificial carbohydrate-protein compounds has shown that even simple carbo- 
hydrate groups such as hexosido residues are capable of inducing a high degree of 
immunological specificity [Avery & Goebel, 1929]. 

The artificial carbohydrate-protein compounds which have hitherto been 
used for such studies have all been prepared by the same general method; this 
consists in making an aminophenol derivative of the carbohydrate (usually the 
p-aminophenol glycoside), diazotizing the latter and coupling the diazonium 
compound with the protein in alkaline solution; in this reaction it is to be 
assumed that two diazonium residues enter the positions ortho to the phenolic 
group of the tyrosine contained in the protein and the further possibility exists 
that some coupling may occur with the iminazole ring of histidine. 

Although the study of the immunological properties of substances prepared 
in this manner has led to the acquisition of much valuable information, the 
biological value of the deductions is lessened by the fact that the carbohydrate 
groups are attached to the protein through a highly artificial linkage and one 
which certainly does not occur in nature. It has therefore seemed to the present 
writers that progress in this branch of immunological knowledge might be 
advanced and conclusions of more secure biological validity might be drawn if 
artificial compound antigens were available in which the carbohydrate group 
was attached through a naturally occurring type of chemical linkage. 
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The ideal would evidently be the preparation of artificial protein-carbohydrate 

compounds in which the components were combined in the same way as they 
are in naturally occurring proteins which contain carbohydrate groups. No 
information is, however, available concerning the nature of the linkage whereby 
the carbohydrate group in natural proteins is attached and the best that can be 
done at the present is to have resort to a linkage which, although it may not 
naturally occur in proteins, is at least a common feature among natural products. 

The work described in the present paper represents a first attempt in the 
direction outlined above and the results described below reveal the possibility 
of the artificial introduction of simple carbohydrate residues into the protein 
molecule without gross interference with the structure of the latter and without 
the interposition of any type of linkage which is not known to occur in nature. 
It is intended to apply the method to the preparation and immunological study 
of a number of artificial antigens containing not only carbohydrate groups to be 
introduced in the manner to be described but also amino-acids of peculiar 
physiological interest such as thyroxine. 

Consideration of the various linkages which might be employed for the pur- 
pose in hand and which would come near to fulfilling the conditions indicated 
above suggested to us as an obvious possibility the O-glycosido linkage; it 
seemed conceivable that simple hexose residues at least might be attached to 
protein in this way by glycoside formation with the phenolic group of the 
tyrosine. Direct combination of carbohydrate with the tyrosine already existing 
in the protein through the glycoside linkage did not indeed seem a practicable 
procedure ; it was hoped however that a derivative of (the hitherto unknown) 
0-8-glycosidotyrosine might be found which could be coupled in peptide linkage 
with the free amino groups of a protein, and this hope has been realized. 

Acetobromoglucose and N-carbobenzyloxytyrosine ethyl ester react smoothly 
in presence of quinoline and active silver oxide to give O-B-tetraacetylglucosido- 
N-carbobenzyloxytyrosine ethyl] ester (I); this compound can be used (a) for the 
preparation of O-8-glucosidotyrosine (III) and (6) for the introduction of the 
0-8-glucosidotyrosy] residue into a protein. 

(a) O-B-Glucosidotyrosine. For the preparation of this compound the above 
ester was shaken for a long period at room temperature with dilute aqueous 
barium hydroxide; this yielded the sparingly soluble barium salt of O-8-gluco- 
sido-N-carbobenzyloxytyrosine, and the free acid (II) on catalytic hydrogenation 
in the usual manner, gave the desired O-8-glucosidotyrosine. 


CH, 0-(0A0..0€ YCH,-CH.COOR (I) 
NH.OC.0.C,H, 


CH,.CH.COOH (I) 
NH.OC.0.C,H, 






































C,H,,0;.0 










CH,.CH(NH,).COOH (III) 


QV 


C,H,,0;.0 


(6) O-8-Glucosidotyrosylgelatin. The introduction of the glucosidotyrosy] 
residue into a protein has so far only been accomplished with gelatin; the choice 
of this protein for the first experiments was made for two reasons: (1) in order 
to simplify conditions as far as possible and (2) because the first aspect of the 
major problem in which we were interested was the attempt to discover whether 
antigenic properties could be conferred on the non-antigenic gelatin by the 
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introduction into its molecule of tyrosine or carbohydrate or both. When 
O-8-tetraacetylglucosido-N-carbobenzyloxytyrosine ethyl ester (I) is treated 
with excess of hydrazine hydrate in alcoholic solution at room temperature the 
acetyl groups are eliminated and there results O-8-glucosido-N-carbobenzyloxy- 
tyrosylhydrazide (the hydrazide of II); this can be readily converted into the 
azide, and the latter, when added in dioxan solution to an alkaline aqueous 
solution of gelatin, couples with part of the free amino-groups of the latter. The 
product thus consists of O-8-glucosido-N-carbobenzyloxytyrosylgelatin and the 
final problem is the removal of the carbobenzyloxy residues. This is a matter 
of some difficulty, catalytic reduction being excluded by the adverse effect of 
the protein on the catalyst, and the use of phosphonium iodide or of very dilute 
hydrogen iodide by the lability of the glycosido linkage towards acid. A solution 
was finally found in the application of the method of Sifferd & du Vigneaud 
[1935] which consists in reduction with sodium in liquid ammonia solution; 
under these conditions the carbobenzyloxy residues are removed without 
rupture of the glycosido linkage and without degradation of the protein mole- 
cule. Evidence that the glycosido linkage remains intact is afforded by the 
unimpaired sugar content of the final product and the absence of significant 
degradation of the protein molecule may be inferred from the characteristics of 
the titration curve of the latter. 

The titration curve of the final product indicates, as is shown below, that 
the glucosidotyrosine residues are probably attached to the free x-amino-groups 
of the original gelatin and not to the e-amino-groups of the lysine. 

The final product as well as its carbobenzyloxy derivative have been sub- 
jected to preliminary immunological investigation. The results have so far been 
negative inasmuch as the sera of rabbits subjected to an ordinary short course 
(3-4 weeks) of immunization with these two products have failed to yield pre- 
cipitin reactions with the respective substances under test; there is thus no 
evidence at present that antigenic properties have been conferred on the gelatin 

“by introduction of the glucosidotyrosine residue. The immunological investi- 
gation is, however, still incomplete and we desire to reserve final judgement on 
this matter until it has been more thoroughly studied. 


EXPERIMENTAL 
A. Synthesis of O-B-glucosidotyrosine 


O-Tetraacetyl-B-glucosido-N -carbobenzyloxytyrosine ethyl ester (1). N-Carbo- 
benzyloxytyrosine ethyl ester (3-43 g.) and quinoline (3-4 ml.) were mixed in a 
mortar with acetobromoglucose (8-22 g.; 2 mol.); quinoline was added to a total 
of 10 ml. and active silver oxide (5 g.; compare Fischer & Helferich [1911]) was 
gradually stirred in; the mixture was stirred with a pestle for 15 min. during 
which time it became warm and viscous. After keeping for 2 hr. in a desiccator 
the mass was dissolved in glacial acetic acid (60 ml.) and the solution, after 
treatment with a little dilute nitric acid to coagulate the precipitate, was cleared 
on the centrifuge. The supernatant liquor was poured into ice-water (300 ml.); 
after keeping in the ice-chest overnight the precipitate was collected, washed 
with water and crystallized from alcohol. The product so obtained was slightly 
discoloured with silver oxide but was sufficiently pure for the next reaction; the 
yield was 84% of the theoretical. Removal of the last traces of silver was 
effected by passage H,S through aqueous alcoholic (90%) solution of the ester. 
After final recrystallization from alcohol : ether (1:1) the compound formed 
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colourless needles melting at 108°. (Found: C, 59-3; H, 6-0; N, 2-1%. 
Cy3H390,4N requires C, 58-8; H, 5-8; N, 2-1%.) 

O-8-Glucosido-N -carbobenzyloxytyrosine (II). The above ester (2-5g.) was 
finely powdered, sieved (100 mesh) and suspended in a solution of barium hydro- 
xide (7 g. of the octahydrate ; 110 % excess) in water (110 ml.); the mixture was 
shaken for 3-4 hr., ether (10 ml.) added and shaking continued for 20 hr. in all. 
The milky suspension was diluted with water (300-400 ml.), warmed to 50° and 
saturated with carbon dioxide; barium carbonate was removed by centrifuging 
and the solution concentrated under diminished pressure. Further barium 
carbonate separated during the concentration and was filtered off when the 
volume had reached about 200 ml.; the filtrate was then evaporated to low bulk. 
During the final concentration the barium salt of the product began to separate ; 
it was redissolved by heating and the hot solution was treated with alcohol 
(2 vol.). On cooling the barium salt separated slowly in hair-like needles. After 
36 hr. at 0° the salt was collected, washed with water and alcohol and dried; it 
was then dissolved in warm water (50 parts) and treated at 40-45° with N HCl 
(1 equiv.); the acid began to crystallize at once; after keeping for a short time 
at 0° it was collected, washed and dried. The yield was 70% of the theoretical. 
Recrystallized from water the compound formed fine colourless needles, M.P. 177°. 
It had [a]p—24-2° (c=0-455 in water with 1 equiv. NaOH). (Found: N, 2-7%. 
C.s3H»,O,;9N requires N, 2:°9%.) 

O-8-Glucosidotyrosine (III). O-B-Glucosido-N-carbobenzyloxytyrosine (1-2 g.) 
was suspended in 50% aqueous alcohol (35 ml.) containing a few drops of 
glacial acetic acid and hydrogenated in presence of palladium black (0-3 g.). 
During the reduction the milky suspension first cleared and crystalline material 
subsequently separated. When evolution of carbon dioxide had ceased the 
mixture was diluted with water (100 ml.) which dissolved the crystals, filtered 
from the catalyst and evaporated to low bulk under diminished pressure. 
During the evaporation crystals again separated; these were redissolved by 
warming and the solution treated with alcohol (2 vol.); the product began to 
separate almost at once and after keeping for a short time at 0° it was collected, 
washed with 50 % and then with absolute alcohol and dried. The yield was 75% 
of the theoretical. O-8-Glucosidotyrosine forms colourless prisms from aqueous 
alcohol; it has M.p. 282° (decomp. uncorr.) and [%]54g,; —77° (¢ 1% in 0-1 N HCl). 
It is readily soluble in water but insoluble in alcohol and other organic solvents. 
It gives a ninhydrin reaction but no Millon reaction. (Found: C, 52-5; H, 6-0; 
N, 41%. C,;H,,O,N requires C, 52-5; H, 6-1; N, 4:1%. Glucose (orcinol 
method) 51-0, 52-8%; cale. 52-5%.) 

The glucoside is fairly resistant to hydrolysis by acid. Treatment with 
0-1N HCl at 55-60° for 3 hr. and with N HCl at 38° overnight had no effect 
(unchanged rotation); boiling with N HCl for 2 hr. on the other hand caused a 
change of rotation from —0-59° to +0-21°, the latter value remaining constant 
on further boiling. 

The glucoside was hydrolysed by emulsin. A 1 % solution at pH 5-0 with an 
active preparation of emulsin had an initial rotation of —0-91°; after 7 hr. at 38° 
this had changed to —0-29°. The solution was left overnight at 28° to complete 
the reaction and next morning was filled with crystals of tyrosine; after chilling 
the latter was filtered off and the filtrate, after treatment with ammonia, had 
%p»+0-25°; assuming the residual rotation to be due to glucose the theoretical 
figure would be 0-28°. 
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B. Coupling of the O-B-glucosidotyrosine residue with gelatin 


O-B-Glucosido-N-carbobenzyloxytyrosylhydrazide. O-8-Tetraacetylglucosido- 
N-carbobenzyloxytyrosine ester (5-0 g.) was dissolved in hot ethyl alcohol 
(30 ml.); the solution was cooled to about 50°, treated with hydrazine hydrate 
(5-5 ml. of 95%) and left in an incubator at 38°. After 2 hr. some gelatinous 
material had separated which was brought into solution by warming; the solution 
was returned to the incubator and after a further hour was again warmed to 
dissolve a gelatinous precipitate. After 2 hr. more at 38° crystalline material 
had separated. The mixture was treated with alcohol (10 ml.), brought to the boil 
on a water-bath and then left in the incubator overnight. Next day 30 ml. 
alcohol were added, the whole was brought to the boil with stirring and then 
cooled in the refrigerator. The precipitate was collected, washed with much 
alcohol and then with ether and dried; the yield was 3-15 g. (86% of the 
theoretical). 

Prepared in this way the hydrazide formed bunches of colourless needles, 
M.P. 215° (decomp.); it was sparingly soluble in water and all organic solvents 
tried except pyridine. It had [«])—37-5° (e=4 in pyridine). In recrystallization 
experiments the compound was occasionally obtained with m.P. 180°; the 
identity of this product with that melting at 215° was shown by the facts that 
both were equally satisfactory for the preparation of the azide (see below) and 
that both had the same rotation; the conditions for interconversion of the two 
forms were not determined. (Found: C, 56-0; H, 6:3; N, 8-7; hydrazide-N 
[Meyer, 1931, p. 458], 5-7%. Cy3;H.O,N, requires C, 56-2; H, 5-9; N, 86; 
hydrazide-N 5-7 %.) 

O-8-Glucosido-N -carbobenzyloxytyrosylgelatin. O-B-Glucosido-N-carbobenzyl- 
oxytyrosylhydrazide (1-23 g.) was dissolved in hot glacial acetic acid (12 ml.); 
the solution was cooled to 0° and treated with dilute hydrochloric acid (12 ml. of 
NV) and then drop by drop with 30% aqueous sodium nitrite (1 ml.); the azide 
began to separate in colourless prisms just before the addition of the sodium 
nitrite was complete. The mixture was diluted with water (25 ml.) and the azide 
collected, washed thoroughly with water and used directly for the coupling. 
(The azide is insoluble in water, sparingly so in ether and ethyl acetate but 
readily soluble in dioxan.) 

Gelatin (1-8 g.) was dissolved in warm water (180 ml.) and the filtered solution 
mixed with alcohol (180 ml.), the whole being made just alkaline to phenolphthalein 
with sodium hydroxide and chilled to 0°. The azide from the above-described 
experiment was dissolved in dioxan (10 ml.) and added during about 15 min. to 
the vigorously stirred aqueous alcoholic solution of gelatin, 2’ NaOH being run 
in simultaneously to maintain the reaction just alkaline to phenolphthalein. 
During this process the solution remained quite clear. After a few minutes 10% 
acetic acid was added to the point of maximum precipitation ; no separation of 
solid occurred until the point of neutrality was passed. The mixture was kept 
overnight at 0° and the sticky precipitate was collected at the centrifuge and 
washed successively with 50, 75% and finally two portions of absolute methyl 
alcohol. 

During the later stages of washing the product hardened and granulated; 
after drying in a vacuum desiccator it was finally obtained as a light, white 
granular powder, easily soluble in water. After hydrolysis with boiling 5N 
hydrochloric acid it gave a Molisch reaction and the solution smelt strongly of 
benzyl chloride (derived from the carbobenzyloxy residues). 

The product had 14-1 % N and 4-6 % glucose (orcinol method). The N content 











GLUCOSIDOTY ROSINE 769 









is in good accord with expectation from the N content (15%) of the original 
gelatin taking into account the increase of molecular weight. 

O-B8-Glucosidotyrosylgelatin. The difficulty of removing the carbobenzyloxy 
groups from glucosidocarbobenzyloxytyrosylgelatin has already been referred to 
in the introductory portion of this paper. The first method attempted was one 
which had been used with success, in experiments to be published later, on the 
preparation of tyrosylgelatin, namely, treatment of the protein dissolved in a 
phenol-cresol mixture with a low concentration of hydrogen iodide. In the 
present case this method was unsuccessful, since removal of the carbobenzyloxy 
residues was always accompanied by more or less scission of the glucosido 
linkage with consequent loss of glucose. Experiments on reduction in aqueous 
solution both with the aid of a variety of catalysts and with such reducing agents 
as sodium amalgam at neutral or faintly acid reaction having also proved 
abortive, an attempt was made to employ the method of Sifferd & du Vigneaud 
[1935] which consists of reduction with sodium in liquid ammonia. Direct 
application of this method could not be made owing to the insolubility of the 
protein in liquid ammonia; it was found however that the solubility could be 
greatly increased by the addition of various substances and success was finally 
attained by the use of a mixture of liquid ammonia and ammonium acetate. 

0-8-Glucosido-N-carbobenzyloxytyrosylgelatin (3 g.) was finely ground with 
ammonium acetate (1 g.); the mixture was treated slowly, with stirring, with 
anhydrous liquid ammonia (30 ml.), the reaction vessel being immersed in a 
cooling mixture of solid carbon dioxide and acetone. The solution so obtained 
was vigorously stirred and treated with sodium in small portions (9-2 g. in all). 
The ammonia was then allowed to evaporate, finally in the vacuum of a water 
pump and the residue taken up in water (10-15 ml.); the solution was acidified 
with acetic acid and treated with alcohol (5 vol.) which precipitated the reaction 
product. The precipitate was collected, washed with alcohol and ether and dried ; 
it was taken up again in water to 1-5% concentration and dialysed for 4 days to 
remove inorganic salts; finally the protein was reprecipitated by addition of 
alcohol (5 vol.) and a trace of lithium chloride, collected and dried. The yield 
was about 70% of the theoretical. 

On hydrolysis with 5N HCl the product gave a Molisch reaction but no 
detectable odour of benzyl chloride. It is easily soluble in warm water but forms 
a gel at room temperature at concentrations of 2°% and over. 

The nitrogen and glucose contents of the product were 13-6 and 46% 
respectively. In view of the proved removal of the carbobenzyloxy residues 
(see below) the N content of the final product should have been somewhat higher 
than that of the carbobenzyloxy derivative; in actual fact it is lower, whilst the 
glucose contents of the two compounds are the same; these facts are taken to 
indicate a higher degree of hydration in the case of the deacylated compound ; 
it is however impossible to determine this point with accuracy. 
















































Titration curves 


Electrometric titrations were performed on gelatin and its derivatives in 
the apparatus and according to the technique described by Harington & 
Neuberger [1936]. The protein solutions before titration were dialysed for 4 days 
against distilled water. The curves obtained are shown in Fig. 1. Included in 
this figure are results obtained with tyrosylgelatin, the preparation of which is 
to be described in a later publication. 

The most important deduction to be drawn from the curves is that no 
appreciable degradation of the protein molecule has occurred; this is shown by 
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the fact that the glucosidotyrosylgelatin shows no increase in acid binding 
between pH 3 and the isoelectric point, or in base binding between the iso- 
electric point and pH 10-5 as compared with gelatin itself. In the case of 
tyrosylgelatin the increased base binding over the range pH 9-10-65 is in accord- 
ance with expectation from the tyrosine content of the protein. 


Gelatin 


0-0-0 Glucosidotyrosylgelatin 


@-e@-@ Tyrosylgelatin 


ml. N/10 HC) ml. N/10 NaOH 
0 0°5 1-0 
Fig. 1. 


The total amino-nitrogen of the original gelatin was 0-9°%; from available 
data on the lysine content of gelatin about two-thirds of this amount would be 
accounted for by the e-amino groups of this amino-acid. Calculation from the 
glucose content of the glucosidotyrosylgelatin indicates that the glucosidotyrosyl 
residue has reacted with approximately 0-3°%, of the original gelatin amino- 
nitrogen. At the pH at which the coupling was carried out (8-9) the e-amino- 
groups of lysine would be ionized whilst «-amino groups would not; under such 
conditions it is reasonable to expect that coupling would occur predominantly 
with the «-amino groups. This supposition is supported by the results of electro- 
metric titration which fail to reveal the increase in base binding over the range 
pH 7-9 which would result from the replacement of the ¢-amino-groups of 
lysine by the «-amino-groups of the tyrosine residue. 

Attempts to titrate the glucosidocarbobenzyloxytyrosylgelatin failed owing 
to the impossibility of obtaining steady potentials; this is doubtless to be 
ascribed to reaction of the reducible carbobenzyloxy linkage at the hydrogen 
electrode. The absence of any such difficulty in the case of glucosidotyrosyl- 
gelatin is the strongest evidence that removal of carbobenzyloxy residues from 
this compound was in fact complete. 


SUMMARY 


1. O-8-Glucosidotyrosine has been synthesized by condensation of aceto- 
bromoglucose with N-carbobenzyloxytyrosine ester followed by hydrolysis of 
the acetyl and ester groups and reduction of the resulting acid. 

2. O-8-Glucosido-N-carbobenzyloxytyrosylazide, prepared from the con- 
densation product of acetobromoglucose and N-carbobenzyloxytyrosine ester, 
has been coupled with gelatin in alkaline solution. 
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3. Carbobenzyloxy residues have been removed from the above product to 
yield an O-8-glucosidotyrosylgelatin containing 4-6 % of glucose. The properties 
of the product are described and evidence is presented that in it the glucosido- 
tyrosine residues are attached to the «-amino-groups of the original gelatin. 


REFERENCES 


Avery & Goebel (1929). J. exp. Med. 50, 533. 

Fischer & Helferich (1911). Liebigs Ann. 383, 74. 

Harington & Neuberger (1936). Biochem. J. 30, 809. 

Meyer (1931). Analyse und Konstitutionsermittlung organischer 
Verbindungen. 5th ed. (Berlin.) 

Sifferd & du Vigneaud (1935). J. biol. Chem. 108, 753. 





CII. ACETOPYRUVIC ACID (ay-DIKETOVALERIC 
ACID) AS AN INTERMEDIATE METABOLITE 
IN ANIMAL TISSUES 


By HANS ADOLF KREBS anp WILLIAM ARTHUR JOHNSON 
From the Department of Pharmacology, University of Sheffield 


(Received 27 March 1937) 


I. INTRODUCTION 


In a previous paper [1937] we have shown that muscle and other tissues are 
capable of converting pyruvic acid into B-hydroxybutyric acid. The present 
paper is concerned with the intermediate stages of this reaction. 

That ketone bodies are formed from 2-carbon and 3-carbon compounds was 
first demonstrated in the case of liver tissue by the work of Embden and his 
school. Embden & Oppenheimer [1913] showed that perfusion of liver with 
pyruvic acid gives rise to an increased formation of acetoacetic acid. Annau 
[1934] and Edson [1935], working with chopped and sliced liver, confirmed this 
result. Loeb, in Embden’s laboratory, showed [1912] that acetic acid, too, 
increases the yield of acetoacetic acid in liver, an effect which is pronounced, 
according to Friedmann [1913], in the liver of starved animals. Weil-Malherbe 
reported recently [1936] formation of acetoacetic acid from pyruvic acid in brain 
tissue. 

There is thus no doubt that “‘synthetic” formation of ketone bodies takes 
place in animal tissues. It follows from our previous paper that the quantitative 
role of ketogenesis in intermediate metabolism is very considerable, since under 
some conditions almost the whole of the pyruvic acid which undergoes oxidation 
may be converted into B-hydroxybutyric acid. 

Previous attempts [see Loeb, 1912; Friedmann, 1913; Annau, 1934] to 
explain the mechanism of ketogenesis from pyruvic and acetic acids were 
merely speculative. Our own experiments do not support any of the previous 
assumptions, as will be shown in section vii of this paper. On the other hand the 
experiments reported in this paper suggest that acetopyruvic acid (xy-diketo-n- 
valeric acid) is an intermediate stage according to the following scheme (1): 


CH,.COOH +CH,.CO.COOH 
I | -H,0 


¥ 
CH,.CO.CH,.CO.COOH = (acetopyruvic acid) 


% 
+0 7 . +H,O Ill 
/ -CO, -CO.\ 
ae +2H ts 
CH,.CO.CH,.COOH = CH,.CH(OH).CH,.COOH 
2H 


IV 
( 772 ) 
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The scheme suggests that the first step in ketogenesis is condensation 
of acetic and pyruvic acids giving rise to acetopyruvic acid. From aceto- 
pyruvic acid ketone bodies may arise in two different ways. Thus, by oxidative 
decarboxylation (reaction II) acetoacetic acid may be formed, or by an intra- 
molecular dismutation (reaction III) B-hydroxybutyric acid may be produced. 

It is certain, as will be shown in this paper, that both ketone bodies are 
formed from acetopyruvic acid, but it is not yet possible to decide whether 
acetopyruvic acid reacts according to (II), or to (III) or in both ways. Since 
acetoacetic and B-hydroxybutyric acids are readily interconvertible, as sug- 
gested by reaction (IV), the net effect of (III) can also be brought about by 
(II) + (LV), and that of (II) by (III)+(IV). 

The evidence leading to scheme (1) is drawn from experiments in which 
the rate of ketogenesis was measured under varying conditions. The main 
new observation is the fact that in animal tissues acetopyruvic acid is rapidly 
converted into ketone bodies. Under aerobic conditions the main product 
is acetoacetic acid, under anaerobic conditions B-hydroxybutyric acid. The 
rate of reaction as compared with the rate of ketone body formation from 
pyruvic and acetic acids complies with the conditions expected from an 
intermediate. 

Il. MetrHops 


(1) Acetopyruvic acid. Sodium ethyl acetopyruvate was prepared according 
to Claisen & Stylos [1887], the free acid being obtained therefrom.according to 
Mumm & Bergell [1912] and recrystallized from benzene. The o.P. was 98°. 
Acetopyruvic acid reacts readily with yeast carboxylase, the rate of decarboxyla- 
tion being about a third of that of pyruvic acid. Since the yield of CO, is practi- 
cally quantitative (see Table I), carboxylase may be used for the quantitative 


determination of acetopyruvic acid. Suitable experimental conditions are those 
described by Westerkamp [1933] and Krebs & Johnson [1937]. 


Table I. Decarboxylation of acetopyruvic acid by yeast extract 


(Manometric experiment; 25°. The cup was filled with 1 ml. 0-00946 M acetopyruvate, 2 ml. 
H,O and 0-2 ml. 3M acetate buffer (pH 5-0). The side-arm contained 0-8 yeast extract (Lebedev).) 
pl. CO, formed after 
Time addition of the 
(min.) yeast 
98 
156 
181 


205* 


* Calculated for complete decarboxylation 212 yl. 


(2) Determination of ketone bodies. Acetoacetic acid was determined by the 
aniline method described previously [Ostern, 1933; Edson, 1936]. Controls 
showed that acetopyruvic acid does not react or interfere. B-Hydroxybutyric 
acid was determined by the Van Slyke-Denigés method as modified by Edson. 
The solution was boiled for one hour before the addition of dichromate and the 
precipitate formed was discarded. The filtrate gave small blanks when aceto- 
pyruvic acid was present. For 100 mol. of acetopyruvate present in the original 
solution, a precipitate was formed on addition of dichromate equivalent to 
6-7 mol. 8-hydroxybutyric acid. These blanks have been deducted. 

(3) The manometric technique and tissue slice method were employed in the 
usual manner. The tissue was suspended in saline buffered by bicarbonate-CO, 
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or phosphate. Controls were set up in all experiments to determine the non- 
enzymic reactions of acetopyruvic acid (see section vii1). The results are expressed 


in the usual notation. 


III. FoRMATION OF ACETOACETIC ACID FROM ACETOPYRUVIC ACID 


If acetopyruvic acid is an intermediate as indicated by the scheme (1) it 
should yield acetoacetic acid under conditions in which acetic and pyruvic 
acids yield acetoacetic acid. That this is the case follows from Table II. Experi- 
ments are recorded in this table in which the formation of acetoacetic acid by 


Table II. Formation of acetoacetic acid in liver in the presence of acetopyruvic, 
pyruvic and acetic acids (1-6, rat liver; 7, pigeon liver) 


Final concentrations of the added substrates 0-01 VM. 


Medium Substrates added OC acecaceicatl 
Phosphate saline; 0-02 M NH,Cl _— 0-37 
Pyruvate 1-20 
Acetopyruvate 1-63 


Phosphate saline — 0°37 
Pyruvate 0-88 
Acetopyruvate 1-40 
Phosphate saline; 0-02M NH,Cl —_ 0-52 
Pyruvate 2-82 
Acetopyruvate 2-03 


Phosphate saline; 0-02. M NH,Cl — 0-63 
Acetate 1-87 
Pyruvate 1-81 
Acetopyruvate 2-26 


Phosphate saline; 0-02. M NH,Cl — 0-61 
Acetate 0-88 
Pyruvate 3-01 
Acetopyruvate 1-41 
Acetate + pyruvate 2-85 


Bicarbonate saline; 0-02 M NH,Cl _— 0-93 
Acetate 1-41 
Pyruvate 1-96 
Acetate + pyruvate 2-24 
Acetopyruvate 1-82 
Acetopyruvate + pyruvate 3-82 


Bicarbonate saline; 0-02. M NH,Cl - = 0-76 
Acetate 1-14 
Pyruvate 1-41 
Acetate + pyruvate 1-61 
Acetopyruvate 1-49 
Acetopyruvate + pyruvate 2-90 


Bicarbonate saline; 0-02. M NH,Cl — 0-91 
Acetate 1-53 
Pyruvate 1-42 
Acetate + pyruvate 1-85 
Acetopyruvate 0-88 
Pyruvate + acetopyruvate 1-59 


liver tissue in the presence of pyruvic, acetic and acetopyruvic acids was 
measured. The experimental details are given in Table II. Ammonium chloride 
was added to the medium because the formation of acetoacetic acid is more 
marked in the presence of this substance [Annau, 1934; Edson, 1935]. 
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The results of the experiments may be summarized as follows: 
(1) Pyruvic acid yields generally more acetoacetic acid than acetic acid. This 
is evidence against the scheme: 2 pyruvic acid — 2 acetic acid — acetoacetic acid. 

(2) Acetic and pyruvic acids, if present simultaneously, frequently yield 
more acetoacetic acid than each of the single substrates (e.g. Nos. 6 and 8). This 
fact may be interpreted in two different ways. It could be assumed that ketone 
bodies arise from acetic and from pyruvic acid by entirely different independent 
reactions occurring simultaneously when the two substrates are present. We 
consider, however, another explanation to be more likely and assume that the 
two substrates act jointly in the way indicated by scheme (1). 

(3) In the presence of acetopyruvic acid, more acetoacetic acid is usually 
formed than in the presence of acetic acid and about the same amount as in the 
presence of pyruvic acid. Acetopyruvic and pyruvic acids together yield more 
acetoacetic acid than the single substrates. This latter fact suggests that 
acetopyruvic acid, like other ketonic acids, is broken down by dismutation with 
pyruvic acid, according to the reaction: acetopyruvic acid + pyruvic acid + H,O 
=acetoacetic acid + lactic acid +COQ,. 

In summing up the conclusions drawn from Table II we may say that 
acetopyruvic acid causes formation of acetoacetic acid, and the velocity of this 
reaction complies with the scheme (1), according to which acetopyruvic acid is 
an intermediate stage in ketogenesis from acetic and pyruvic acids. 

The evidence so far adduced is however not conclusive. It has to be borne 
in mind that the formation of acetoacetic acid in liver in the presence of an added 
substance does not necessarily prove conversion of the added substances into 
acetoacetic acid. Experiments with ammonium salts [Annau, 1934; Edson, 1935] 
or malonate [Momose, 1934; Szent-Gyérgyi, 1935; Jowett & Quastel, 1935] 
make this point clear. Ammonium salts or malonate, if added to liver, increase 
the formation of acetoacetic acid. Since malonic acid is not metabolized in liver 
it is evident here, as in the case of ammonium salts, that the increased yield 
of acetoacetic acid cannot be due to conversion of the added substance into 
acetoacetic acid. 

It is, however, very unlikely that acetopyruvic acid causes a “‘toxic”’ kete- 
genesis like malonate, since acetopyruvic acid, unlike malonate, is actually 
metabolized. Parallel with ketone body formation there is disappearance of 
acetopyruvic acid and production of CO,. Moreover, benzoylpyruvic acid, 
which might be expected to have toxic effects if acetopyruvic acid were toxic, was 
found to be non-ketogenic in liver tissue. 








































IV. Formation OF B-HYDROXYBUTYRIC ACID 
FROM ACETOPYRUVIC ACID 







If the conditions are anaerobic, acetoacetic acid undergoes reduction to 
B-hydroxybutyric acid in liver and other tissues. It would be expected, therefore, 
that if ketone bodies were formed anaerobically, B-hydroxybutyric acid would 
be the main product. Indeed, if pyruvic acid is added anaerobically, considerable 
quantities of B-hydroxybutyric acid are formed but only traces of acetoacetic 
acid. Data concerning the rates of formation of B-hydroxybutyric acid in various 
tissues have been published in the preceding paper of this series. 

Acetopyruvic acid, if an intermediate in ketogenesis from pyruvic acid, 
should also yield B-hydroxybutyric acid in the absence of molecular oxygen. 
Experiments recorded in Table III show that B-hydroxybutyric acid is in fact 
formed in the presence of acetopyruvic acid. 
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Table III. Formation of B-hydroxybutyric acid in the presence of acetic, 
pyruvic and acetopyruvic acids under anaerobic conditions 


Medium: bicarbonate saline 


Substrates added (final 
Tissue concentration 0-01 M) — Qg-tydroxybutyric acid 
Rat liver _ 0-01 
Acetate 0-01 
Pyruvate 1-25 
Acetopyruvate 1-64 
Acetate + pyruvate 1-44 
Rat liver — 0-16 
Pyruvate 1-22 
Acetopyruvate 1-30 
Rat liver —_—- 0-13 
Acetopyruvate 0-54 
Pigeon breast muscle — 0-03 
Acetopyruvate 0-64 
Pigeon breast muscle — 0-02 
Pyruvate 0-15 
Acetopyruvate 0-42 


Furthermore, the following conclusions may be drawn from the experiments: 

(1) Acetic acid does not yield B-hydroxybutyric acid under anaerobic con- 
ditions. The fact that oxygen is necessary for ketogenesis in presence of acetic 
acid indicates again that the scheme: 2 acetic acid — acetoacetic acid + B- 
hydroxybutyric acid is not valid. Oxygen is necessary, in our view, because it 
enables the cells to produce pyruvic acid from carbohydrate or lactic acid. 

(2) Acetopyruvic acid yields more B-hydroxybutyric acid than pyruvic acid. 


V. FORMATION OF CARBON DIOXIDE FROM ACETOPYRUVIC ACID 


The formation of CO, from acetopyruvic acid is best demonstrated in 
anaerobic experiments. Aerobically, there is a large production of respiratory 
CO, and the increment expected from decarboxylation of acetopyruvic acid is 
only 10-20% of the “blank”. Anaerobically, the ‘‘blank’’ CO, production is 
almost nil; and the increment can therefore be measured accurately. In 


Table IV. Formation of COz from acetopyruvic acid under 
anaerobic conditions 


Qco, represents the new formation of CO, from organic substances, not CO, liberated 


from bicarbonate 
Time CO, formed 


Tissue (wt. in mg.) Substrate added (min.) (pl.) Qcoz 
Pigeon breast muscle — 70 + 50 0-3 
Acetopyruvate 70 +208 1-25 


Pigeon breast muscle — 121 + ll 0-05 
Acetopyruvate 121 +163 0-49 

Rat liver o-- 80 - | 
Acetopyruvate 80 + 68 


Rat liver = 90 - 6: 
Acetopyruvate 90 + 99 


Rat liver — 90 - Of 
Acetopyruvate 90 +292 


Rat kidney — 90 + 10 
Acetopyruvate 90 + 54 
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arranging the experiments we have to bear in mind that it is not sufficient to 
measure the CO, output manometrically in the usual way because the routine 
method if applied in the presence of bicarbonate does not distinguish between 
the new formation of CO, and the liberation of CO, from bicarbonate. . It is 
necessary, therefore, to determine the evolution of free CO, together with the 
change in bicarbonate. A suitable experimental arrangement was described in 
the preceding paper [Krebs & Johnson, 1937]. Data obtained with this method 
are given in Table IV. In the absence of acetopyruvic acid there is practically 
no CO, production; the small figures obtained are, with the exception of the 
first experiment, within the limits of error. With acetopyruvic acid, on the 
other hand, considerable quantities of CO, appear and the quantities are of the 
order expected from the data on ketogenesis. 


VI. DIsaPPEARANCE OF ACETOPYRUVIC ACID FROM ANIMAL TISSUES 


Using the carboxylase method we determined the disappearance of -aceto- 
pyruvic acid in the presence of various tissues. Table V shows that the quan- 
tities which disappear exceed the amounts of ketone bodies formed. This 
indicates that there are other reactions, in addition to conversion into ketone 
bodies by which acetopyruvic acid disappears. About the same quantities are 
utilized aerobically and anaerobically. Addition of glucose slightly increases the 
rate of disappearance in some tissues. 


Table V. Disappearance of acetopyruvic acid from tissues 


40°. Bicarbonate saline 


Tissue Experimental conditions Cisne 


Rat liver Anaerobic — 2-80 
Anaerobic; 0-02 M glucose — 2-50 


Rat testis Anaerobic — 2-30 
% Anaerobic; 0-02 M glucose — 2-56 

Rat kidney Anaerobic -461 
Anaerobic; 0-02 M glucose —4-:15 


Pigeon brain Aerobic — 2-56 
Aerobic; 0-02 M glucose —3-10 

Anaerobic —2-10 

= Anaerobic; 0-02 M glucose — 2-87 

Rat liver Anaerobic — 3-00 


‘ Aerobic — 2-93 


VII. ALTERNATIVE SCHEMES OF KETONE BODY SYNTHESIS 


Loeb [1912] suggested that 2 mol. of acetic acid may condense to form 
acetoacetic acid. Evidence against this assumption is mentioned in sections m1 
and tv of this paper. 

Friedmann observed that aldehyde ammonia causes acetoacetic acid 
formation in liver and assumed [1913] that acetaldehyde may play a part in 
ketone body synthesis according to the scheme: 


CH,.COH+CH,.COOH -- CH,.CH:CH.COOH +H,0. (2) 


Crotonic acid formed first according to this scheme is known to be readily con- 
verted into acetoacetic acid in liver. 
We find, however, that pure acetaldehyde is not ketogenic; the ketogenic 
effect of aldehyde ammonia must be ascribed to the ammonia [Edson, 1935]. 
49—2 
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Moreover, aldehyde does not seem to be formed in any significant amounts in 
animal tissues. There is thus no evidence left supporting scheme (2). 

Annau [1934] assumed that parapyruvic acid [Wolff, 1899] may act as 
intermediate in ketogenesis. We tested this view by adding parapyruvate, 
prepared according to Wolff, to liver slices. The substance does not yield 
acetoacetic acid; therefore it cannot be an intermediate. 










VIII. NonN-ENZYMIC REACTIONS OF ACETOPYRUVIC ACID 


Experiments with acetopyruvic acid are complicated by the fact that this 
diketonic acid is a very reactive substance which reacts in neutral solutions and 
at blood temperature with various substances occurring in cells or in the saline 
medium. We have examined some of these reactions in so far as they may 
interfere with the manometric methods employed. 

(1) Reactions with inorganic ions. If a neutral solution of sodium aceto- 
pyruvate is added to a physiological salt solution, or to pure solutions of 
NaHCoO,, a considerable quantity of CO, appears on mixing, while the con- 
centration of bicarbonate decreases. The quantity of CO, evolved is greater if 
the solution contains, in addition to Na, bivalent cations, Ca or Mg. The 
evolution of CO, ceases after a few minutes. Table VI gives a few data showing 
the magnitude of this effect. 














Table VI. CO, evolved on mixing a neutralized solution of sodium aceto- 
pyruvate with bicarbonate-containing solutions 






Manomnetric experiments: the solutions were in equilibrium with 5% CO, in N,. 40° 







Acetopyruvate CO, evolved 
Solution (3 ml.) added (pl.) 
0-04 M NaHCO, .- 0-1 ml. 0-2.M 20 
0-13 M MgSO,; 0-04 M NaHCO, 0-1 ml. 0-1M 162 
Physiological saline with 0-04. M NaHCO, 0-3 ml. 0-1 M 167 







The reaction is probably due to the formation of complex compounds of the 
type described for other diketones [see Sidgwick, 1929]: 
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In this reaction basic equivalents are bound and a result is an increase in 
acidity. The determination of the carbon dioxide may be used as a measure of 
the extent to which basic equivalents are converted into a complex form. 

(2) Reactions with nitrogenous substances. If sodium acetopyruvate is added 
to solutions which contain NaHCO, (0-03 M) and glutamic acid (0-5 M) an 
evolution of CO, ensues which continues over a long period of time. Parallel with 
the CO, evolution there is an equivalent decrease in bicarbonate. We have not 
yet studied this reaction in detail. These non-enzymic reactions of acetopyruvic 
acid whatever be their mechanism, have to be taken into account in manometric 
experiments on the intermediary metabolism of the substance. 











ACETOPYRUVIC ACID 


SUMMARY 


1. Acetopyruvic acid (xy-diketo-n-valeric acid) is metabolized in animal 
tissues (liver, muscle, kidney, testis, brain). 
2. Acetoacetic acid is shown to be formed in liver, if the conditions are 


aerobic. 

3. fB-Hydroxybutyric acid and carbon dioxide are shown to be formed if the 
conditions are anaerobic. 

4. Ketone bodies are formed more rapidly from acetopyruvic acid than 
from acetic and pyruvic acids. It is therefore justifiable to assume that aceto- 
pyruvic acid is an intermediate stage in the synthesis of ketone bodies from 
acetic and pyruvic acids as suggested by scheme (1). 


This work was aided by grants from the Rockefeller Foundation and the 
Medical Research Council. We wish to express our gratitude to Prof. E. J. Wayne 
for his help and advice. 
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CII. THE ACTION OF TESTOSTERONE 
PROPIONATE ON NORMAL ADULT 
FEMALE RATS 


By VLADIMIR KORENCHEVSKY, MARJORIE DENNISON anp 
KATHLEEN HALL 


From the Lister Institute, London 
(Received 1 April 1937) 


In our previous papers [Korenchevsky & Dennison, 1936; Korenchevsky et al. 
1936, 1937] we have shown that the male sexual hormone testosterone and its 
ester, testosterone propionate, have a powerful effect on the organs of ovariecto- 
mized rats. In the present paper the effect of testosterone propionate on normal 
female rats is described. 

Technique 


The technique used was the same as that in our previous papers. 

Artificial testosterone propionate was prepared and supplied by Messrs 
Ciba Ltd. Large doses of 0-5 and 1-5 mg. daily were chosen in order to overcome 
the effect of any antagonistic hormones which might be present in the female 
organism. 

The experiment was performed on 16 rats belonging to 3 litters. The rats 
were divided in such a way that litter-mates were present in each of the 3 groups. 
The average final age of the rats was 98 days and the hormone was injected 
daily for 21 days. The weights of the organs are summarized in Table I. In order 
to economize space the weights per unit of body weight are not given, but, as in 
our previous papers, where the conclusions based on these differ from those 
obtained from the actual weights, this is mentioned in the text. 

The detailed histological results will be published elsewhere. 


Table I. Effect of testosterone propionate on normal female rats 


The average actual weights of the organs of rats injected with the hormone 
compared with those of the organs of uninjected litter-mates 


Weight of organs of 
A 





r 
Rats injected with testosterone 
propionate per day 


Control 
Organs rats 500 y 1500 y 


Ovaries (mg.) 75 74 97 
Uterus (horns + cervix, mg.) 350 694 955 
Cervix of uterus (mg.) 102 268 359 
Vagina (mg.) 293 516 550 
Female preputial glands (mg.) 103 224 256 
Adrenals (mg.) 69 59 64 
Thymus (mg.) 261 89 62 
Kidneys (g.) 1-48 1-73 1-90 
Abdominal fat (g.) 17-6 10-4 9-9 
Final body weight (g.) 243 217 22 
Gain in body weight (g.) 26 23 2 
No. of rats in group 6 4 

( 780 ) 
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For 1 week before and during the experiment smears were taken from the 
vagina every day in order to observe any effect of the injections on the sexual 
eycle. 

Effect on the sexual cycle 


While normal cyclic changes occurred in the uninjected control rats, from 
the end of the first week oestrus was completely suppressed in the rats injected 
with 1500y. A number of apparently cornified cells appeared during the 3rd 
week in the smears of the rats injected with 500y, although no cornification 
was found in histological sections, but only different degrees of mucification. 
With these exceptions, during the 2nd and 3rd weeks of the injections the 
smears of the injected rats consisted of clear mucus and varying numbers of 
leucocytes. Therefore oestrus was completely suppressed with the higher dose 
of testosterone propionate and at least partially with the lower dose. 


Effect on weights of organs 


Ovaries. In some of the rats injected with the largest dose (1500y) there 
were quite definite macroscopical changes in the ovaries. The ovaries in these 
rats were abnormally large and, as judged from their macroscopical appearance, 
contained more and larger corpora lutea than are present in normal ovaries. 

Uterus. Both the horns and the cervix of the uterus were greatly hyper- 
trophied after the injections. Such average weights of the uterus as 955 mg. are 
only found in normal rats during oestrus and are due chiefly to accumulation of 
secretion in the lumina of the horns which are thus distended. The largest uterus 
obtained in the rats injected with 1500y weighed 1209 mg. Preliminary histo- 
logical investigations showed that this increased weight was due to an increase 
in the thickness of the myometrium and mucosa and not to the accumulation of 
secretion in the uterus. 

The hypertrophy of the uterine horns produced by hormonal action during 
normal pregnancy can be judged by the size of the ““empty” or “sterile” horn, 
ie. the horn into which ova did not penetrate and which therefore is without 
foetuses. This happens in rats only exceptionally. The comparison of such a 
horn with that produced by testosterone propionate injections showed the latter 
to be the larger owing to a greater thickness of both the mucosa and the myo- 
metrium. Apart from this abnormal hypertrophy and’ occasional vacuolation 
of uterine epithelium neither the mucosa nor the myometrium showed any special 
pathological changes. The histological appearance was reminiscent of but not 
identical with that of these layers during pregnancy. 

Vagina. In the injected rats the vagina was much larger than that found 
during any period (including oestrus) of the normal sexual cycle. We have not 
weighed a sufficient number of “pregnancy” vaginas to compare the weights 
of these with those of the vaginas of the testosterone propionate-injected rats. 
A preliminary histological investigation has shown that various degrees of 
mucification of the epithelium were present in the vagina, in some cases reaching 
that observed during pregnancy. In these rats the development of the muscular 
and sometimes of the epithelial layer was even greater than that seen in pregnant 
rats. 

The preputial glands were greatly hypertrophied as had already been found 
in ovariectomized rats (see references above). 

Mammary gland and nipples were considerably hypertrophied in the injected 
rats. 
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A comparison of the effects of testosterone propionate on the sexual organs of 
normal and ovariectomized rats. The effect on the weights of the sexual organs of 
ovariectomized rats was shown in Table II of our previous paper [Korenchevsky 
et al. 1937, p. 479]. If these figures are compared with the weights of the sexual 
organs of the normal injected rats of the present experiment, it is clear that 
testosterone propionate, both when injected alone or in combination with 
oestrone, brought about a much smaller hypertrophy of the uterus and vagina 
of ovariectomized rats than was obtained with normal rats. For example in 
ovariectomized rats 700y of testosterone propionate in combination with 6 y of 
oestrone produced on the average a uterus weighing 236 mg. and a vagina 
weighing 339 mg., while in the normal rats with 500 of testosterone propionate 
alone the average weight of the uterus was 694 mg. and of the vagina 516 mg. 
The degree of hypertrophy of the female preputial glands was about the same 
both in the normal and ovariectomized injected rats. 

Adrenals. The size and weight of the adrenals decreased with the daily dose 
of 500y but with the larger dose this effect was not seen. Perhaps therefore it is 
not accidental that a weaker effect with larger dose was also seen after the 
injection of testosterone propionate into ovariectomized rats [Korenchevsky 
et al. 1937, p. 479, Table II, cols. IV and V]. 

Thymus. The rate of involution of the thymus, as has also been previously 
found in ovariectomized rats, was greatly increased by injection of the hormone. 

Other organs. Except in the case of the kidneys, which slightly increased in 
weight (both in actual weight and per unit of body weight), no definite changes 
were seen in the other organs. 

Fat deposition and gain in body weight. The lower final body weight of the 
rats in the two injected groups as compared with that of the control group was 
due to the lower initial weight of the former (injected groups 194 and 199 g. 
respectively, control group 217 g.). In spite of this initial difference the gain in 
body weight of the injected rats did not differ greatly from that of the controls, 
while the fat deposition (as judged by the abdominal fat) was considerably less 
in all the injected rats. This indicates that in normal rats even such high doses 
as 1-5 mg. per day bring about increase in the catabolic action on fat and on 
some of the organs (thymus and perhaps adrenals), but these doses do not 
interfere with, but even stimulate, the anabolic processes of building of tissue 
(other than fat) in most organs. The greatly stimulated growth and development 
of the sexual organs and the effect on the kidneys are examples of the increase 
in the anabolic effect. 

Testosterone propionate was also found to have an effect on the metabolism 
of ovariectomized rats as was shown in our previous paper [Korenchevsky et al. 
1937, p. 481]. 

DIscussION 
The bisexual properties of testosterone propionate 


Our previous and present experiments with testosterone propionate, injected 
either alone or simultaneously with oestrone, have shown the following note- 
worthy and rather unexpected facts: 

(1) This male hormone, having the strongest effect on the sexual organs of 
male rats, has also the strongest stimulating effect on the development of the 
sexual organs of female rats. 

(2) The effect on the female sexual organs consists in the production of 
changes similar to those seen during pregnancy, i.e. typical of the most “female 
sexual”’ function. 
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(3) The return towards normal weight of the atrophied sexual organs: of 
ovariectomized rats is greater with testosterone propionate (in the doses used) 
than with oestrone or oestradiol (up to 30y daily). 

(4) Both the “method of weights” and histological investigation show that 
in producing pregnancy changes there is a co-operative activity, and not an 
antagonistic action, between these “‘male” and ‘“‘female” hormones, though 
the suppression of the cornifying effect of oestrone or of oestradiol by testo- 
sterone propionate may be considered as an antagonistic effect. 

(5) In female rats, the toxicity of such comparatively small doses of oestrone 
and oestradiol as 30y per day is shown by loss of appetite and fall in body 
weight, while there is only a check in the gain in body weight when such large 
doses of testosterone propionate as 1500y are administered to ovariectomized 
rats; and even the latter effect is not seen in normal rats. 


The definition of male and female sexual hormones 


With few exceptions, bisexual property, though weak in some hormones, 
must be considered to be one of the common properties of nearly al) the sexual 
hormones. This fact introduces confusion into the classification of the sexual 
hormones as “male” and “female” hormones. 

In the following therefore an attempt at classification from the point of 
view of male and female activity is made on the results of our experiments on 
rats with all the most important so-called “‘male” and ‘‘female’’ hormones.! 
The scheme however should not be considered as a final classification, but as 
a suggestion for critical consideration, as new data may throw more light upon 
the subject. Since the sexual functions and conditions in human beings are 
much closer to those in mammals than in birds, the experimental results 
obtained on the former are more important than those on the latter from the 
point of view of human physiology and pathology. Up to the present we have 
found no reason for changing our attitude, which we have repeatedly expressed 
in our papers since 1932, namely that mammals and not birds should be used 
for assays and the characterization of the sexual hormones. This does not of 
course deny the biological importance and interest of the experiments on birds. 

On the basis of the results of our experiments we classified the hormones 
investigated as follows: 


I. Purely “‘male” and “female” hormones 


2? 


The definition of a hormone as the “male” hormone or the “female 
hormone is only justified if this special hormone (alone or in co-operation with 
another) has an effect only on the male or only on the female sexual organs, 
respectively. The results of our experiments with all the sexual hormones that 
we have investigated up to the present show that such a definition can only be 
applied to progesterone (these experiments will be published elsewhere), which 
compound has no definite effect on male rats and which therefore could be 
classified as a pure female hormone. 


Il. Partially bisexual hormones 


(1) Hormones with chiefly “male” properties. In this group may be included 
those sexual hormones which in castrated males cause a return to or towards 
normal of all the atrophied sexual organs including the prostate, penis and 
preputial glands. The hormones of this group also bring about a return towards 
1 See the references to the papers [Korenchevsky et al. 1937, pp. 481, 485). 
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the normal weight of the uterus and vagina of ovariectomized rats. With the same 
doses, however, the degree of this recovery is smaller than that of the atrophied 
sexual organs of castrated male rats. To this group belong androsterone, testo- 
sterone propionate, androstanediol and possibly A*-androstenedione.* 

(2) Hormones with chiefly “female” properties. These hormones (alone or in 
combination with another or others) should produce in ovariectomized rats 
typical female sexual changes such as oestrus, pregnancy changes or a return 
or considerable approach to the normal condition of the atrophied uterus 
and vagina, but in castrated male rats should not be able to stimulate to any 
considerable degree the development of all male sexual organs (in particular 
prostate, penis and preputial glands). Absence of effect on or only a slight 
increase in the weight of the prostate, penis and, in both sexes, of the preputial 
glands is an important differentiating feature. 

Oestrone and oestradiol belong to this group. These hormones do not cause 
any considerable return towards normal of the atrophied prostate, penis and 
male preputial glands (or even of the female preputial glands, which always 
respond to the hormones of the previous group), although they produce a 
definite increase in the weight of the seminal vesicles (with specific histological 
changes in the latter and also in the coagulating glands and prostate [Koren- 
chevsky & Dennison, 1935)). 


Ill. True bisexual hormones 


The hormones of this group should cause a return to or towards the normal 
condition of all the atrophied sexual organs and approximately to the same 
degree in both male and female gonadectomized rats. To this group seem to 
belong transdehydroandrosterone, testosterone and A®-androstenediol. 

The hormone with the most powerful male properties, testosterone pro- 
pionate, while it does not belong to this group, shows some approach to this 
group, since in suitable doses, in combination with oestrone, it produces pro- 
gestational changes similar to those observed during pregnancy both in the uterus 
and in the vagina, and also the return of some of the sexual organs to nearly 
normal size, while others become supranormal in weight and size. 


SUMMARY 


1. Experiments were performed on 16 normal adult female rats belonging to 
3 litters in order to investigate the effect on the sexual and other organs of 
prolonged injections of large doses of testosterone propionate. 

2. The hormone, in the doses used, suppresses the appearance of normal 
oestrus. 

3. The hormone has a powerful stimulating effect on the uterus, vagina and 
preputial glands and to a less degree on the mammary gland of normal females, 
bringing about hypertrophy of these organs to a weight and size much greater 
than that observed during normal dioestrus. 

4. The histological changes produced are reminiscent of those seen during 
pregnancy, though the hypertrophy of the uterine mucosa and myometrium 
considerably exceeds the development of these layers in the “empty” uterine 
horn of a normal pregnant rat. 

5. Thus, in agreement with our previous experiments on ovariectomized 
rats, the present experiments confirm the strong bisexual properties of testo- 
sterone propionate. 

1 Further evidence may show that this last belongs to Group III. 
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6. With regard to the action on the other organs investigated a definite 
effect is seen on the thymus (a considerable increase in the rate of involution 
of this gland) and on the kidneys (slight increase in weight). 

7. Fat deposition decreases as the result of the injection of the doses used, 
but the gain in body weight does not show considerable changes, such com- 
bination indicating a special effect of this hormone on metabolism. 

8. All the sexual hormones investigated by us have been classified into 3 
groups on the basis of their male and female sexual activities. 


Grants from the Medical Research Council and from the Lister Institute 
have enabled us to carry out this work and to them our thanks are due. We wish 
to express our gratitude to Messrs Ciba Ltd., in particular to Dr K. Miescher, 
for supply of testosterone propionate. 
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CIV. A WATER-SOLUBLE POLYSACCHARIDE 
FROM BARLEY LEAVES 


By WALTER NORMAN HAWORTH, EDMUND LANGLEY HIRST 
AND RALPH ROBERT LYNE 


From the Chemistry Laboratories, The University, Edgbaston, Birmingham, 15 
(Received 27 March 1937) 


By cold water extraction of dried barley leaves, Archbold & Barter [1935] 
isolated a non-reducing polysaccharide which was described as a fructose an- 
hydride. A small amount of this polysaccharide has been placed at our disposal 
by Prof. V. H. Blackman and we now record the result of an investigation into 
its chemical constitution. 

We confirm the properties ascribed to the polysaccharide by Archbold & 
Barter and, in particular, the ease of its hydrolysis by means of dilute acid, 
N/50 aqueous HCl being sufficient to effect complete hydrolysis at 50°. We were 
further able to confirm the view that fructose is possibly not the only sugar 
liberated on hydrolysis. A total sugar estimation on the acid hydrolysate gave 
a value of 99 %, whereas an estimation of ketose by Nyn’s method [1924] showed 
only 93% of the total sugar to be present as fructose. The amount of material 
available precluded a complete investigation into the nature of the non-ketose 
sugar, although it was possible to establish the absence of a pentose. 

It appeared, from its properties, that the polysaccharide was closely related 
to, if not identical with, laevan, and a study of the acetyl and methyl de- 
rivatives of the barley polysaccharide confirmed this view. The acetylation with 
pyridine and acetic anhydride was carried out in the presence of water [Challinor 
et al. 1934, 2] and it was found that acetates of widely different rotations could 
be produced by varying the proportion of water in the acetylation mixture. It 
appears probable that this is a property peculiar to laevan (unpublished work) 
whether it be prepared by bacterial action or obtained from plant sources. 

The polysaccharide was methylated directly in aqueous acetone solution and 
yielded, after three methylations, a granular powder containing 43-0 °, methoxyl. 
The specific rotation of the methylated derivative (—50° in chloroform) is only 
slightly less than that of the laevan from meadow grass [Challinor e¢ al. 1934, 2] 
or from the synthetic action of B. mesentericus [Challinor et al. 1934, 1]. 

The hydrolysis of the methylated laevan was effected by the use of aqueous- 
methyl alcoholic oxalic acid and from the syrupy product crystals separated, 
which were crystallographically identical with those of an authentic specimen of 
1:3:4-trimethyl fructofuranose. It is clear, therefore, that the polysaccharide 
under discussion is constituted on a plan similar to that of laevan, namely, that 
it consists mainly of a chain of fructofuranose residues united by the reducing 
group of one unit engaging with — 6 of the contiguous unit, thus 


0——H,C 
CH,OH =H CH,OH =H 


Seat 
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The total amount of methylated polysaccharide used was 0-5 g.; it is therefore 
impossible to make any statement, from experimental evidence, on the nature 
of the end groups or on the number of fructofuranose units in the chain. Never- 
theless, the close similarity in physical properties between the polysaccharide 
under discussion and the laevan synthesized by bacteria favours the assumption 
that the number of fructofuranose units constituting the chain molecule of the 
barley polysaccharide is not very different from that of laevan (10 units). 


EXPERIMENTAL 


The polysaccharide was a white powder, soluble in water, non-reducing and 
having [x] —35° in water. It contained 6-0 % moisture and 0-3-0-4 % ash. 

Hydrolysis of the polysaccharide. In N/50 aqueous HCl at 50° complete 
hydrolysis was achieved, the specific rotation increasing during the hydrolysis 
from [«]7;°—40° to [«]%)°—82° (constant value). Hydrolysis also occurred when 
the substance was heated with phenylhydrazine and acetic acid, glucosazone 
being recognized as one of the products. 

The total sugar liberated by acid hydrolysis was estimated by titration 
against Fehling’s solution (methylene blue indicator) and fructose according to 
Nyn [1924]. If allowance is made for the ash and moisture contents of the 
original polysaccharide, the total sugar in the acid hydrolysate was estimated as 
99%, the fructose as 93% (calculated in terms of an anhydrohexose), indicating 
the presence of a reducing substance (equivalent to 6% of an aldose) other than 
fructose. That this substance was not a pentose was established by distillation of 
the polysaccharide with 12% aqueous HCl and treatment of the distillate with 
barbituric acid. No precipitate was formed, indicating the absence of furfur- 
aldehyde and therefore of pentose residues in the polysaccharide. Control 
experiments on mixtures of fructose and arabinose showed that 0-02 g. of pentose 
could be detected by this method. 

Acetylation of the polysaccharide. (a) A solution of the polysaccharide (0-25 g.) 
in water (0-5 ml.) was treated with pyridine (5 ml.) and acetic anhydride (5 ml.) 
at 0°. After standing at room temperature for 8 hr. the solution was poured 
into a large volume of cold water, whereby the polysaccharide acetate was 
precipitated as a fine white powder. The precipitate, washed free from acid and 
dried, was purified by precipitation from its solution in chloroform by the 
addition of light petroleum. The pure, dry acetate (yield, 0-25 g.) showed 
[a]°+11° in chloroform. 

(b) The polysaccharide (0-25 g.) was dissolved in 1 ml. of water and treated 
as under (a) with pyridine (5 ml.) and acetic anhydride (5 ml.). The acetate so 
obtained (yield, 0-28 g.) had [«]#°—27° in chloroform. 

Methylation of the polysaccharide. A solution of the polysaccharide (1 g.) in 
water (5 ml.) and acetone was treated at 55° with methyl sulphate (5 ml.) and 
30% aqueous KOH (15 ml.) over the course of 2-5 hr. Thereafter, the solution 
was boiled, neutralized by the addition of dilute H,SO, and concentrated to 
small volume. This concentrated solution was submitted to further methylation 
in the same manner and the methylated product (now only partially soluble in 
hot water) extracted with chloroform. After three such methylations, the 
product was completely insoluble in hot water but easily soluble in chloroform. 
From the chloroform solution it was precipitated by the addition of light petro- 
leum as a powder which had [«]*)’—50° in chloroform. (Found: OMe, 43-0%; 
calc. for CyH,,0;, 45-6 % .) 

Hydrolysis of the methylated polysaccharide. The methylated derivative (0-5 g.) 
was hydrolysed by treatment with a solution of oxalic acid (0-5 g.) in water 
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(10 ml.) and methyl alcohol (25 ml.) at 80° for 8 hr. The solution was neutralized 
(CaCO,), filtered and evaporated to dryness in a vacuum. The solid residue was 
extracted with ether and the ether extract evaporated. The residual syrup was 
strongly reducing and crystallized slowly. Crystallographic measurement of this 
product established its identicality with 1:3:4-trimethy] fructofuranose. 


SUMMARY 


A fructose anhydride extracted by cold water from barley leaves has been 
shown to be a laevan, that is, a polysaccharide constituted of fructofuranose 
units linked together by bonds each of which engages the reducing group of one 
fructofuranose unit (C,) and the C, position of the contiguous fructofuranose 


unit. 
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CV. STUDIES IN THE METABOLISM 
OF PROTOZOA 


III. SOME PROPERTIES OF A PROTEOLYTIC EXTRACT 
OBTAINED FROM GLAUCOMA PIRIFORMIS 


By NORMAN RISBOROUGH LAWRIE 
From the Bonnett Memorial Laboratory, Addenbrooke’s Hospital, Cambridge 


(Received 31 March 1937) 


THE study of protozoal enzymes has been facilitated by the methods recently 
developed for the culture of protozoa in the absence of bacteria or other material 
containing enzymes; whilst the extensive data bearing upon the nutrition of 
the protozoa [A. Lwoff, 1932; Sandon, 1932] suggest the value of knowledge of the 
enzymic equipment of the protozoal cell for their interpretation. 

A. Lwoff & Roukhelman [1926] reported that Glaucoma piriformis produces 
an enzyme which diffuses into the culture medium and liquifies gelatin. M. Lwoff 
[1929] found that growing cultures of Leptomonas ctenocephali secrete an enzyme 
which liquifies gelatin. A. Lwoff [1932] found that cultures of Glaucoma piri- 
formis, grown upon nutrient gelatin slopes, liquified the medium. Elliott [1933] 
showed that growing cultures of Colpidium striatum liquified gelatim, clotted 
milk and subsequently peptonized the curd. For earlier work along these lines 
the reader is referred to a previous paper [Lawrie, 1935], in which also it is 
shown that a suspension of Glaucoma piriformis, saturated with chloroform, can 


carry out proteolysis at pH values ranging from 2-2 to 9-6. A cell-free material 
showing proteolytic activity has now been obtained from G. piriformis. The 
method used for its preparation and certain of its properties are described below. 


EXPERIMENTAL 


The protozoan used in these experiments is G. piriformis, isolated by 
Dr Muriel Robertson, and is the same as that used in work described in the 
previous paper in this series [Lawrie, 1935]. The conditions of culture also were 
the same as those used in that work, except that, towards the end of the work, 
upon the suggestion of Dr A. Lwoff, the protozoa were grown upon a medium 
prepared by autoclaving about 5g. of sheep’s brain with 200 ml. of distilled water. 

Estimation of proteolysis. The digestion of protein was followed by means of 
estimations of the non-protein-nitrogen, soluble in a suitable protein precipitant, 
before and after incubation of protease preparation with protein in buffered 
solution. A method of this type offers advantages, chiefly in respect of applica- 
bility to the earliest stages of protein digestion, over methods involving the 
estimation of free amino-groups [Farber & Wynne, 1935]. When casein, egg 
albumin or «-glutelin were used as substrates, 1 ml. of the digest was precipitated 
with 2 ml. of 10% trichloroacetic acid. The precipitated protein was filtered off 
and 2 ml. of the filtrate incinerated with 0-5 ml. of a mixture of H,SO, 3 vol., 
H,PO, 1 vol., selenium oxychloride 1% in H,SO, 0-4 vol., in a test-tube of 
known weight according to the technique used by Borsook [1935] to prevent loss 
of material by spurting. When incineration was complete 2 ml. of water were 
added to each tube followed by 1 drop of 0-1% phenol red and sufficient 40% 
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NaOH to give a yellow end-point. The contents of the tube were then heated to 
boiling to expel the drop of incinerated material in the Folin anti-bumping 
device and cooled. The tube and contents were then weighed, giving the weight 
of incinerated and neutralized material, and a gravimetrically determined aliquot 
was distilled into 0-01 V H,SO, in the Conway distillation apparatus [Conway & 
Byrne, 1933]. An aliquot portion of the distillate was then pipetted into a 50 ml. 
conical flask and the ammonia determined colorimetrically by Borsook’s modifi- 
cation of Van Slyke’s & Hiller’s procedure [Borsook, 1935; Van Slyke & Hiller, 
1933]. In the case of the digests containing less than 10 mg. of non-protein- 
nitrogen per 100 ml., the non-protein-nitrogen may be determined by this 
method with a difference between duplicates not greater than 0-4 mg. per 100ml. 
In the case of digests containing more non-protein-nitrogen than this the 
difference between duplicates is not greater than 4% of their mean. 

Preparation of cell-free material containing protease. Cultures containing 
brain tissue were first filtered through wool. Cultures in peptone required no 
filtration. The culture was then well shaken and a sample taken for enumeration 
of the protozoa present. The cells were then separated from the culture medium 
by centrifuging. It was soon found that prolonged centrifuging resulted in 
breaking up of the cells and diminished yield of protease preparation. For this 
reason those cells separated by centrifuging for 15 min. were at once worked up 
and those in the supernatant fluid discarded. In the earlier experiments the 
separated cells were broken up by suspension in buffer at pH 5-5 and freezing and 
thawing 12 times. Later it was found more convenient to cytolyse the protozoa 
by saturating the suspension in buffer with chloroform and incubating at 37° 
for 2 hr. After cytolysis the insoluble material was removed by centrifuging, 
leaving a faintly opalescent supernatant fluid. To this extract was added 1 g. 
of MgSO,,7H,O per 1 ml. to produce approximately full saturation at room 
temperature. When solution of the MgSO,,7H,O was almost complete the 
turbid supernatant fluid was poured off and centrifuged. The resulting clear 
supernatant fluid was poured off as completely as possible and the deposit 
transferred to a watch-glass with the aid of about 2 ml. of distilled water. The 
preparation was then placed in a vacuum desiccator. After standing overnight 
the preparation was then obtained as a white, feathery material, easily removed 
from the watch-glass and readily soluble in buffer at pH 7-0. If evaporation in 
the desiccator were insufficiently rapid to freeze the preparation a much less 
tractable material was obtained. The pH at which extraction of the enzyme from 
the cells was carried out had little effect upon the proteolytic activity of the 
extract. A pH of 5-5 was finally adopted for extraction since at this pH the 
clearest extract was obtained. 

The precipitation of protease by magnesium sulphate. Proteolytic extracts 
were prepared by the technique described above, using freezing and thawing to 
bring about cytolysis. The precipitates produced by the addition of various 
amounts of magnesium sulphate to the extracts were separated by centrifuging 
and dissolved in 5 ml. of 0-05 M phosphate buffer at pH 7-0. A sample of this 
preparation was then taken for estimation of nitrogen content. The protease 
activity was then estimated by adding enough sodium caseinate to give an 
initial substrate concentration of 1°%, and a few drops of chloroform to prevent 
bacterial contamination. An initial sample was removed for estimation of 
non-protein-nitrogen and the remainder incubated at 37° for 24 hr. At the end 
of this period the final non-protein-nitrogen was estimated and the increase in 
non-protein-nitrogen was regarded as indicating the amount of protease precipi- 
tated by any given addition of magnesium sulphate, whilst the ratio of the 
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increase in non-protein-nitrogen to the total nitrogen in the protease preparatioa 
was regarded as indicating the degree to which purification of the protease, 
relative to the total nitrogen of the extract, had been obtained. Whilst these 
experiments give a reliable indication of the amount of protease precipitated 
under the conditions compared, yet it must be borne in mind that the indication 
of the degree of purification of the protease has been influenced to an unknown 
and possibly great extent by the variations in enzyme concentration in the 
different digests. The results of these experiments are given in Table I and they 


Table I 


Casein 
Casein digested 
Nitrogen digested (in mg. N) 
in protease (mg. N per per 1 mg. of N 
; preparation 100 ml. of in protease 
Source of protease (mg. per 100 ml.) digest) preparation 
Fraction precipitated by 50 % saturation 1-0 7-2 7-2 
Fraction precipitated by 70% saturation 3-5 10- 1-2 
Fraction precipitated between 50 and 1-4 6- 4- 
75% saturation 
Fraction precipitated between 70 and 8-6 10-5 1-2 
100% saturation 


indicate that the protease is only gradually precipitated by increasing mag- 
nesium sulphate concentration and that the material precipitated at the lower 
concentrations probably has-a higher ratio of protease to total nitrogen than 
that precipitated at higher concentrations. 
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Fig. 1. Rate of proteolysis of casein. 


The rate of proteolysis of casein. Exp. 1. A protease preparation obtained 
from a culture containing 20 x 10° cells was dissolved in 4 ml. of a 1% solution 
of sodium caseinate in 0-05 phosphate buffer at pH 7-0 and incubated at 37°. 
The non-protein-nitrogen of this preparation was estimated at the start of 
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incubation and at intervals afterwards for 120 hr. Bacterial contamination was 
prevented by saturation of the digest with chloroform. The result of this 
experiment is shown in Fig. 1. The curve shown fits the well-known approxima- 
tion y=k /t relating the quantity of substrate digested (y) with the duration of 
enzyme action (¢) where k is given the value 11-3. The observed points are seen 
to be in agreement with this curve. 

Exp. 2. A similar experiment to the above was carried out, using a stronger 
enzyme preparation and confining the observations to the first 5 hr. of digestion. 
The initial concentrations in the digest were 1% casein, 0-025M phosphate 
buffer and 0-3 % enzyme preparation. The digest was saturated with chloroform 
and its pH maintained at 7-0 by the phosphate buffer. As in the previous 
experiment the amount of substrate digested varied with the duration of 
digestion according to the equation y=k +/t. The results obtained are shown in 
Fig. 1 and are seen to agree within the limits of experimental error with such 
a curve when k is given the value 39-2. 

The proteolysis of gelatin. The proteolysis of gelatin was measured by estima- 
tion of the non-protein-nitrogen in the digest as in the case of casein, except 
that 2% tannic acid solution was used as precipitant. 

Exp. 3. A digest was set up containing 1% of gelatin, 0-025 M phosphate 
buffer at pH 7-0, 0-1°% of enzyme preparation and saturated with chloroform. 
Incubation was carried out for 24 hr. at 37°. Controls with heat-inactivated 
enzyme and without substrate were incubated simultaneously with the test 
digest and the increases in non-protein-nitrogen observed in the control digests 
deducted from those observed in the test digests. 29 mg. of gelatin nitrogen were 
digested per 100 ml. of digest. 

Exp. 4. A digest was set up under exactly similar conditions to those of 
Exp. 3 except that a fresh enzyme preparation was used. In this case 38 mg. 
of gelatin nitrogen were digested per 100 ml. of digest. Thus this protease can 
break down gelatin to compounds soluble in tannic acid and therefore pre- 
sumably of simpler constitution than peptone. 

Comparison of the proteolyses of egg albumin and casein. Digests were set 
up containing 1% of substrate, 0-025 M phosphate buffer at pH 7-0 and 0-1% 
of enzyme preparation and incubated at 37° for 24 hr. Undigested protein 
was precipitated by means of trichloroacetic acid. The results of two such 
experiments are shown in Table II. The egg albumin used was prepared from a 


Table I. Comparison of proteolyses of egg albumin and casein. Increase 
in non-protein-nitrogen (mg. per 100 ml.) 


Heat- Control 
Test inactivated without Result of 
digest control substrate proteolysis 
Exp. 5 Casein 81-1 2-3 0-6 78-2 
Egg albumin 6-4 1-3 0-6 4-5 
Exp. 6 Casein 78-4 2-5 1-0 74-9 
Egg albumin 7-6 1-4 1-0 5-2 


sample, purchased from the British Drug Houses, Ltd., by suspension in distilled 
water, removal of some insoluble material by filtration and evaporation of the 
filtrate in vacuo over sulphuric acid. This protein is seen to be comparatively 
resistant to digestion by the protease extracted from G. piriformis. 

The hydrolysis of native and heat-coagulated egg albumin was studied in 
experiments similar to the above, but no consistent difference was found 
between the susceptibilities of these preparations to hydrolysis. 
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Comparison of the proteolyses of «-glutelin and casein 


«-Glutelin was prepared according to the method of Csonka & Jones [1927]. 
Since this protein is insoluble in buffer at pH 7-0, a 1% suspension in this buffer 
was prepared. The comparison was carried out in exactly the same way as in the 
case of egg albumin and casein. The results of two experiments are given in 
Table III. From these results it is clear that this vegetable protein, despite its 
insolubility, is susceptible to hydrolysis by the protease under investigation. 


Table III. Comparison of proteolyses of «-glutelin and casein. Increase 
in non-protein-nitrogen (mg. per 100 ml.) 
Heat- Control 


Test inactivated without Result of 
digest control substrate proteolysis 


Exp. 7 Casein 49-1 0-2 0-0 48-9 
«-Glutelin 29-2 0-3 0-0 28-9 


Exp. 8 Casein 43-0 2 0-7 41-1 


l- 
«-Glutelin 19-6 0-8 0-7 18-4 


Determination of pH optimum for proteolysis of gelatin. Gelatin was chosen 
as substrate in these experiments because of its solubility throughout the pH 
range to be studied. In order to avoid the discontinuity introduced by changing 
from one buffering substance to another, the sodium barbiturate buffer of 
Michaelis [1931] was used. When this buffer was used the proteolysis taking 
place at pH 7-0 during 24 hr. at 37° was only 38% of that occurring in the 
presence of phosphate buffer at the same pH. 

Exp. 9. A series of sodium barbiturate buffers at pH 3-0, 4-0, 5-0, 6-0, 
7-0, 8-0 and 9-0 were prepared according to the directions of Michaelis. The 
buffered substrates for this experiment were prepared as follows. 2 g. of gelatin 
were dissolved in 100 ml. of warm water and saturated with chloroform. 5 ml. 
of this solution were transferred to a 10 ml. graduated cylinder and the pH 
adjusted to the required value with 0-1. NaOH or 0-1N sulphuric acid and the 
volume made up to 10 ml. with water. 2 ml. of this gelatin solution at adjusted 
pH were transferred to a test-tube and 2 ml. of sodium barbiturate buffer at the 
same pH added. 1 vol. of a solution containing 0-2 °% of dry enzyme preparation 
was added to 1 vol. of each of the buffered substrate solutions. Initial samples 
were taken for estimation of non-protein-nitrogen and the digests then incubated 
for 24 hr. at 37°. 

In order to avoid the large blank non-protein-nitrogen values which would be 
caused by the presence of barbiturate buffer in all the digests, each sample taken 
for estimation, after deproteinization with tannic acid, and before incineration, 
was extracted five times with successive 3 ml. vol. of ether. The efficacy of this 
process is shown in Table IV. 


Table IV. Extraction of barbiturate nitrogen from deproteinized 1°/, gelatin 
solutions of approximately 2 ml. volume 


Number of Mg. non-protein- 
extractions with nitrogen per 100 ml. 
3 ml. of ether of solution 

None 61-4 

19-5 

9-4 

6-5 

6-0 
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The results of Exp. 9 are shown in Fig. 2. The optimum pH for the digestion 
of gelatin is seen to be about 6-0. Subsequent experiments confirmed this value 
and it is also in agreement with earlier experiments in which a suspension of 
G. piriformis in presence of chloroform was used as the source of protease and 
caseinogen as the substrate. 
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Fig. 3. Effect of protease concentration upon rate of proteolysis. 


Effect of enzyme concentration upon the rate of proteolysis of casein. Exp. 10. 
A 1% solution of caseinogen in 0-025 .M phthalate buffer at pH 5-5 was 
prepared. Digests were set up with this substrate containing 0-5, 1-0, 2-0, 4-0 
and 8-0 mg. of enzyme preparation per 1 ml. and saturated with chloroform. 
Initial samples were taken for estimation of non-protein-nitrogen at once and 
final samples after incubation for 6 hr. at 37°. Within a few minutes of adding 
substrate to the enzyme preparations coagulation of protein was observed in the 
digest containing 8-0 mg. of enzyme preparation per 1 ml. and deep opalescence 
in the digest containing one-half of this enzyme concentration. On account of 
the liability of the casein to precipitate at a pH of 5-5 and so become less 
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accessible to the enzyme and prevent accurate sampling of the digests, this 
experiment was repeated at pH 7-0. The concentrations of enzyme preparation 
used were 0-33, 0-67, 1-33, 2-66 and 5-32 mg. per 1 ml., whilst the other conditions 
of digestion and analysis were the same as in the previous experiment. No 
precipitation of substrate occurred. 

The results of these two experiments are given in Fig. 3. It will be seen that 
the results in both experiments follow Schutz’s rule fairly closely. In Exp. 10 
the observations lie close to the curve y= 14-2 \/e, and in Exp. 11 they are in 
fairly close agreement with the curve y=56 1/e. In both cases “y” is the rate of 
proteolysis measured over the first 6 hr. of digestion and “e’’ the corresponding 
enzyme concentration. The less active proteolysis of casein in Exp. 10 was 
probably due to the precipitation of substrate which occurred very soon after 
adding substrate to the enzyme preparation. 

The effect of substrate concentration upon the rate of proteolysis. In experiments 
carried out in order to determine this relationship for the case of the protease 
under investigation gelatin was used as substrate, the pH was maintained at 
6-0 by means of 0-05 M phosphate buffer and the temperature of incubation was 
37°. 

Exp. 12. Gelatin concentrations of 10, 5, 2-5 and 1% were employed. The 
concentration of enzyme preparation in the digests was 0-2 °%, and the duration 
of incubation 6 hr. The tannic acid solutions used to precipitate the undigested 
gelatin contained 2n % of tannic acid where ‘“‘n” is the percentage of gelatin in 
the digests at the commencement of incubation. The greatest increase in non- 
protein-nitrogen occurred in the digest containing 1% of gelatin; higher con- 
centrations causing slight inhibition. 
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Fig. 4. Effect of substrate concentration upon the 
rate of proteolysis of gelatin. 


Exp. 13. In view of the results obtained in the previous experiments gelatin 
concentrations of 2, 1, 0-5, 0-1 and 6-05 % were used. A control without substrate 
was also set up. The concentration of enzyme preparation was 0-2°% and the 
duration of incubation 2 hr. 
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Exp. 14. The gelatin concentrations used in this experiment were 2, 1, 0-1, 
0-07, 0-04°% and nil. The concentration of enzyme preparation was 0-096 % 
and the duration of incubation 6 hr. 

In Exps. 13 and 14 4% tannic acid was used to precipitate the digests set 
up to contain 2 % of gelatin, and 2 % tannic acid solution to precipitate all other 
digests. 

The results of Exps. 13 and 14 are shown in Fig. 4. These curves were 
examined to see whether they conformed to the equation k=x (=- 1 ); where 


V =the maximum velocity of enzyme action, v=the observed velocity at sub- 
strate concentration=2, and k=the “Michaelis constant”’ for the enzyme and 
substrate concerned. This relation clearly cannot hold good for velocities of 
enzyme action approximating to the maximum velocity, but in the system under 
consideration it was not found to apply to the region of relatively low velocities 
either. 
The possibility of activation of the protease by cyanide 

Exp. 15. In the first attempts to activate the protease with cyanide a 
technique taken from early work on the activation of papain by HCN was 
adopted. A 0-1 solution of HCN, adjusted to a pH of approximately 5-0, was 
prepared according to the method used by Frankel [1917]. 4-3 ml. of a solution 
containing 0-36 °%, of protease preparation were prepared and two 2 ml. samples 
withdrawn. One of these was inactivated by boiling for 5 min. and restoring the 
volume to 2 ml. with distilled water. This heat-inactivated control was subse- 
quently treated in exactly the same way as the active protease preparations and 
served to guard against errors due to non-enzymic hydrolysis of substrate or 
bacterial contamination of digests. To one 0-9 ml. sample of protease solution 
was then added 0-9 ml. of 0-1 M HCN at pH 5-0, and to a second 0-9 ml. sample 
0-9 ml. of water. These preparations were now incubated at 37° for 2 hr. The 
pH of the preparations containing HCN was then adjusted to 7-0 with 0-1 V 
NaOH and a volume of water equal to that of the alkali required added to the 
corresponding control. To each preparation was then added an equal volume of 
2°% sodium caseinate in 0-025 M buffer at pH 7-0, initial samples were taken for 
estimation of non-protein-nitrogen and the digests then incubated for 20 hr. at 
37°. The results of this experiment are given in Table V. Within the limits of 


Table V. The effect of cyanide at pH 5-0 upon the activity of protease 
Increase in 
Protease preparation non-protein-nitrogen 


(1) Untreated 

(2) Heat-inactivated control corresponding to (1) 
(3) Treated with cyanide preparation 

(4) Heat-inactivated control corresponding to (3) 


Activation by cyanide preparation at pH 5-0=0-7%. 


experimental error no activation or inhibition was observed, and a second 
experiment carried out in the same way with a fresh enzyme preparation gave 
the same result. 

Exp. 16. The effect of free HCN acting upon the protease in unbuffered 
solution was next studied. The procedure in this experiment was the same as 
that in Exp. 15 except that a 0-04 M solution of HCN, obtained by dilution of a 
stock 2% solution, was used as activator. The results of this experiment are 
shown in Table VI. It is seen that a strong inhibition was obtained. In a subse- 
quent confirmatory experiment an inactivation of 70° was obtained. 
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Table VI. The effect of free HCN upon the activity of protease 
Increase in 
non-protein-nitrogen 
Protease preparations (mg. per 100 ml.) 
(1) Untreated 59-2 
(2) Heat-inactivated control corresponding to (1) 0-1 
(3) Treated with HCN 12-8 
(4) Heat-inactivated control corresponding to (3) 0-4 


Inactivation by HCN=78%. 


Exp. 17. Since the pH at which cyanide was allowed to act upon the protease 
appeared to influence the result so greatly, an attempt was made to activate the 
enzyme by means of incubation for 2 hr. at 37° with 0-02.M KCN in phosphate 
buffer at pH 7-0. After activation, substrate was added as in the previous 
experiments, and proteolysis allowed to proceed at 37° for 6 hr. A small degree 
of activation was observed, as is shown in Table VII. A subsequent experiment 
to confirm the above result, using a fresh protease preparation, gave an activa- 
tion of 19%. 


Table VII. The effect of cyanide at pH 7-0 upon the activity of protease 
Increase in 

non-protein-nitrogen 

Protease preparation (mg. per 100 ml.) 
Untreated 32-9 
Heat-inactivated control corresponding to (1) 0-0 
Treated with KCN at pH 7-0 37-5 
Heat-inactivated control corresponding to (3) 0-0 


Activation by KCN at pH 7-:0=14%,. 


Exp. 18. The effect of cyanide acting at an alkaline reaction was also studied. 
The protease preparation was incubated for 2 hr. at 17° with a 0-02.M solution 
of KCN at a pH which changed somewhat during incubation but lay between 
9-5 and 10-0. An inhibition of 4% was observed, but this is probably just within 
the limits of experimental error. The results obtained are shown in Table VIII. 


Table VIII. The effect of cyanide at pH 9-5-10-0 upon the activity of protease 
Increase in 
non-protein-nitrogen 
Protease preparation (mg. per 100 ml.) 
(1) Untreated 71-2 
(2) Heat-inactivated control corresponding to (1) 0-0 
(3) Treated with KCN pH 9-5-10-0 68-3 
(4) Heat-inactivated control corresponding to (3) 0-0 


Inactivation by KCN at pH 9-5 to 10-:0=4%. 


DISCUSSION OF RESULTS 


In the experiments described above the protease extracted from the cells of 
Glaucoma piriformis has been studied as a single proteolytic system. This 
procedure was necessary in order to ascertain the optimum conditions for 
proteolysis as a basis for further study. It is most probable, however, that the 
process used in preparing this protease yields a mixture of proteolytic enzymes. 
Using the terminology of Grassmann [1932], the protease contains at least one 
proteinase, since it readily hydrolyses intact proteins. No evidence is available 
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as to the presence or absence of peptidases in the protease. The demonstration 
of a single pH optimum at 6-0 for the hydrolysis of gelatin shows further that 
the protease belongs to the group of papainases and that pepsinases and 
tryptases are absent. 

The behaviour shown by the protease when treated with HCN is unusual 
among the papainases. Thus whilst marked activation by HCN and H,S is 
the rule with most proteases of the cathepsin type from animal tissues or of the 
papain type from vegetable tissues, yet the protease of the gourd (Cucurbita 
pepo) having a pH optimum of 7-0 is strongly inhibited by both HCN and H,§, 
and that of yeast, having a pH optimum about 6-3, is not activated by HCN 
[Euler, 1927]. 

The proportionality of the rate of proteolysis to the square root of the enzyme 
concentration (Schutz’s rule), which applies to the reaction between the protease 
under consideration and casein, is characteristic of many impure proteases. The 
amount of casein digested is also proportional to the square root of the duration 
of digestion. This relationship (Arrhenius’s rule) applies to the tryptic digestion 
of gelatin and casein [Haldane, 1930]. 


SUMMARY 


A protease has been isolated from the cells of Glaucoma piriformis and shown 
to contain a proteinase of the papainase group. This protease digests casein, 
gelatin and «-glutelin readily and egg albumin very slowly. The pH optimum 
for the digestion of gelatin is approximately 6-0. The protease is slightly acti- 
vated by cyanide at pH 7-0, but is inactivated by free HCN. 

The effects upon the amount of substrate proteolysed of the duration of 


protease action, of the protease concentration and of the substrate concentration 
have been investigated. 
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In a report issued by the Ministry of Health, Lowry & Pearse [1929] stated 
that “the diet in the households ‘of the unemployed men [in the South Wales 
coalfields] comprised little beyond white bread, butter or margarine, potatoes, 
sugar, jam, tea and bacon in limited quantity’’, and expressed the opinion that 
“such a diet could be much improved if greater use were made of wholemeal 
bread’’. The point here raised is one of much interest in human dietetics, and it 
was thought worth while to undertake some animal feeding experiments to 
examine more fully various aspects of the question. At the outset our principal 
objects were (1) to compare the vitamin B, contents of several diets of this kind, 
as actually taken in the mining area, and (2) to explore the possibility of 
improving them by addition of wholemeal bread or in other ways. 

Refection as an experimental difficulty. In our earlier tests carried out in 1930 
and 1931 we estimated vitamin B, by the standard growth-rate method with 
rats. Much to our surprise, little difference was found in the growth responses as 
between white bread, wholemeal or ‘‘germ bread”’. This result recalled to mind 
some earlier findings of Hartwell & V. H. Mottram [Hartwell, 1924; Hartwell & 
V. H. Mottram, 1929], which seemed to show that white bread might sometimes 
be a satisfactory source of vitamin B—a conclusion questioned by Cramer & 
J. C. Mottram [1927] and others (for further consideration of this point see 
discussion below). We soon found, however, that the explanation was that our 
rats had become “‘refected”’, as a consequence apparently of the inclusion of the 
bread in their diet. Refection has been described by a number of past workers 
[Fridericia, 1927; Roscoe, 1927; 1931; S. K. Kon & Watchorn, 1927; Mendel & 
Vickery, 1929; S. K. Kon, 1933] as brought about by the use of raw potato 
starch (or occasionally on other prepared starches), but there seems no previous 
record of its having been seen with bread. 

The conditions under which refection may occur appear to vary considerably from one 
laboratory to another. In some institutes the phenomenon has rarely or never been seen; in our 
own the use of diets rich in various starchy foods (not necessarily potato starch or wheat starch) 
may frequently suffice to procure refection in the majority of animals. Presumably an animal- 
house may become infected with the refection-producing organisms, after which refection will 
readily occur. Specially prepared “‘vitamin-free rice starch”’, as used in a number of our basal 
diets, in contrast with certain naturally occurring foodstuffs rich in starch, has not generally in our 
experience been a cause of refection. But even with rice starch occasional instances of refection 
have been seen. Potato starch almost always brings about refection, in this laboratory. The 
difficulty of establishing a definite criterion for refection, at least in its earlier stages, is referred to 
below. [For fuller literature on refection see P. M. Kon, 1935.] 

Alternative methods for determination of vitamin B,. Since the growth tests 
with rats were thus rendered nugatory by the occurrence of refection, it became 
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necessary to seek other methods for estimating vitamin B, in bread. A trial was 
made next of a method based on cure of convulsions in rats [Smith, 1930; see also 
Birch & Harris, 1934] but this led again to unsatisfactory results (p. 804). 

Advantages of the bradycardia method. Finally recourse was had to the so-called 
bradycardia method [Birch & Harris, 1934; see also Harris, 1934; Leong & 
Harris, 1937, 1; Baker & Wright, 1935], which has been evolved out of the 
observations of Drury & Harris [1930]. This was found to give satisfactory 
results. It possesses two special advantages for work of this kind. (1) A single 
dose only of the food to be examined is given and the subsequent experimental 
period is a very short one and hence there is little chance of refection super- 
vening. (2) The animal is used at a time when it is still free from any advanced 
symptoms of deficiency, so that its appetite and powers of absorption remain 
virtually unimpaired: hence when the substance under test is only a poor source 
of the vitamin large amounts of it can be ingested. In fact it would appear that 
the bradycardia method is the only satisfactory technique available when the 
foods to be assayed are of a highly starchy nature and contain but small traces 
of vitamin B,. 

Scope of present enquiry. The work to be described eventually resolved itself 
into a study of three principal questions. (1) A comparison of wholemeal bread 
with ‘germ bread’’. (2) A comparison of ‘‘ bran bread” (= germ-free wholemeal 
bread, made by admixture of white flour with bran) with genuine wholemeal 
bread and with white bread. (This second problem was undertaken at the request 
of the former Government Chemist, Sir Robert Robertson, by whom it was 
pointed out that little work had hitherto been published on the comparison of 
genuine wholemeal with other brown loaves and of the latter with white loaves.) 
(3) A comparison of the corresponding flours. (This last aspect is dealt with 
principally in the following paper [Leong & Harris, 1937, 2].) 


EXPERIMENTAL 


I. PRELIMINARY EXPERIMENTS 


Occurrence of refection on bread diets 


Full reference has already been made above to the occurrence of refection in 
growth tests with bread. As no earlier workers appear to have had the experience 
that refection may be caused by the use of bread, it seems advisable to give an 
outline of the experimental conditions. 

Exp. 1. Attempted comparison of white bread and “‘germ bread” by growth 
tests. A large number of rats were first depleted of the vitamin B complex, upon 
the usual basal diet used in this laboratory, the carbohydrate being provided for 
this experiment in the form of rice starch. When the rats had begun to lose 
weight, half of them were placed upon the following diet: 


White bread ... see : Ei 100 


Skimmed sweetened aiid ill ak 7 
Margarine (“Fresh Roll”) ... oe ae 18 


and the remainder on the same diet with ‘“‘germ bread” substituted for white. 
All the rats started to gain weight almost immediately, and little difference was 
to be seen between the two groups (Fig. 1). 

1 Some animals in this and subsequent tests received cod liver oil daily in addition, but little 


or no difference was seen in their behaviour. 
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Exp. 2. In another test carried out at the same time, two further groups of 
rats after depletion on the same basal diet were fed on diets consisting solely of 
(1) white bread and (2) ‘germ bread”. As in Exp. 1, a resumption of growth 
occurred almost immediately the bread diet had been started, and there was 
little difference between the “‘germ bread” animals and the white bread animals 


(Fig. 2). 








Body wt., g. 










Body wt., g. 






Fig. 1 (above) and Fig. 2 (below). Growth curves of rats on “germ bread” and white bread. 
“Germ bread”. ---- White bread. 















Absence of criteria of refection. In the earlier stages of these two experiments, while the animals 
were already gaining weight steadily on the diets of white bread or “germ bread”’, little departure 
from normality could yet be seen in the appearance of the faeces. Later on, the faeces became 
characteristically bulky and grey. We have repeatedly had the same experience in other experi- 
ments in which refection has been induced, e.g. with potato starch. Refection seems insidious in 
its onset, and it is often difficult to diagnose it from the appearance of the faeces until quite a late 
stage in its development. While the peculiar bulky “‘ white” faeces can no doubt be held to be a 
criterion of refection, their absence cannot be taken to imply that refection has not started. This 
circumstance makes the diagnosis of refection a matter of some difficulty, as well as a cause of 












much possible confusion. 

At the conclusion of Exps. 1 and 2 the rats were returned to a vitamin B-free basal diet con- 
taining the carbohydrate in the form of rice starch. They thereupon promptly lost weight, and 
died with typical “ polyneuritic” symptoms. 







Exp. 3. Comparison of various starches. A third experiment was conducted 
along similar lines (July 1930). After the usual depletion period, diets consisting 
solely of “‘germ bread” or white bread were given. As in Exps. 1 and 2 both 
groups throve equally well (Fig. 3), and after 95 days all the animals were trans- 
ferred to a basal diet free of vitamin B but containing carbohydrate in the form 
of potato starch. Most of the animals continued to show further slight gains in 
weight and the faeces were observed to be pale and bulky. After a further 
40 days the potato starch in the diet of two of the animals was replaced by 










802 L. J. HARRIS 


purified rice starch. A rapid loss in weight promptly occurred. Growth was 
resumed when a source of vitamin B (marmite) was added to this diet, and later, 
indifferent growth followed afterwards by a rather slow decline was observed 
when a vitamin B-free diet containing potato starch in place of rice starch was 


once again employed (Fig. 3). 


Rice 

~ starch 
Full 
synthetic 
Potato 
starch 


ob 
48 
= 
= 
> 
} 
a 
-_ 


Days 


Fig. 3. —— “Germ bread”. —_—— White bread. ---+ Basal diet. --—— Basal diet + potato 
starch. —ee— Basal diet +rice diet. ——<-= Basal diet + marmite. 


It would seem then that the process of refection could continue when the diet 
contained potato starch, but that rice starch was generally not an effective 
substrate for refection. (As already mentioned an occasional animal may become 


refected on rice starch.) 


Rat-growth tests with white flour and ‘‘germ flour” 


In the next experiments rats were tested with white flour and with a 
proprietary “‘germ flour’’, in place of the corresponding breads. In contrast to 
the results with the breads, a distinct difference in growth rate could now be seen, 
better growth resulting with the “‘germ flour” than with white flour. It appeared 
that flour was less efficient than bread as a substrate for refection. Perhaps the 
main interest of this result is the contrast with observations on cooked and raw 
starches. Several workers have found that refection occurs readily on raw 
potato starch but not on cooked potato starch. 
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Experimental details of these tests follow: 


Exps. 4 and 5. In Exp. 4 (carried out in October 1930) rats were first depleted of vitamin B on 
the usual basal diet with purified rice starch as the source of carbohydrate and then placed in 
equal groups on diets of white flour and “germ flour”. A slow rate of growth resulted with the 
white flour, but a much better growth with the “germ flour” (Fig. 4). Animals on white bread 
given additional vitamin B, as marmite, made improved gains (not shown in the figure). Negative 
controls duly lost weight and died. 


4 80 120 
Days 


Fig. 4. Growth curves of rats on white flour and “germ flour”’ following basal diet of starch. 
—— “Germ flour”. ---- White flour. 


160 


Fig. 5. Growth curves of rats on white flour and “germ flour” after preliminary basal diet of 
sugar. “Germ flour”. ---- White flour. 


In a parallel experiment (Exp. 5, Fig. 5) the preliminary basal diet contained 60% of sucrose 
in place of rice starch: this change was made with the idea of seeing whether it might delay the 
incidence of any possible refection on the subsequent flour diets. No difference, however, was seen 
as compared with Exp. 4. At the conclusion of the experiment the rats were transferred to diets 
containing potato or rice starch. They generally lost weight slowly on potato starch and more 
rapidly on rice starch, but the experiment was inconclusive from this point of view. 





804 L. J. HARRIS 


It will be conceded that it is difficult to say from these trials to what extent 
the slow gains observed with the white flour were due to some degree of refection 
having occurred or to the presence of small amounts of vitamin B,. Subsequent 
work suggests that it is mainly the latter, but it may be concluded that in this 
laboratory the rat-growth method has proved unsatisfactory for the assay of 
farinaceous foods containing small quantities of vitamin B, because of this 
uncertainty of the complicating factor of refection. 


Attempts to estimate vitamin B, in bread by cure of convulsions in rats 


During 1931-2 attempts were made to estimate vitamin B, in various types 
of bread by means of the method of cure of convulsions in rats. As the method 
was not in the end considered suitable for this purpose, no detailed account of 
the results need be given here. It is sufficient to say that our general finding 
was that the rat when already suffering from advanced polyneuritis seems to 
have difficulty in absorbing the relatively large amounts of bread that have to be 
fed. We endeavoured to overcome this difficulty by giving a substance such as 
marmite (which effects a rapid cure) simultaneously with the bread to be tested, 
in the hope of observing a summative effect and so being able to assess the 
response due to the bread by difference. This expedient, however, was not found 
satisfactory. It should nevertheless be emphasized that for the estimation of 
vitamin B, in more active sources, such as wheat germ, yeast, standard acid clay, 
and various concentrates, etc. the ‘‘rat-convulsions’’ method was found to 
answer admirably, as has been reported elsewhere [Birch & Harris, 1934]. 


II. CoMPARISON OF VARIOUS BREADS BY THE BRADYCARDIA METHOD 


Exp. 6. Preliminary comparison of white bread and ‘‘germ bread’’. For the 
purpose of a preliminary trial of the bradycardia method as applied to breads, 
determinations were first made on ordinary white bread and on a proprietary 
‘germ bread’’. As we desired at this stage to obtain round figures merely of the 
approximate orders of potencies of the two types of bread, this experiment was 
carried out with a limited number of animals only. The technique was that 
described in papers previously published [Birch & Harris, 1934; Harris, 1934]. 
The loaves of bread were obtained from local retailers. The responses observed 
are set out in Table I; and the corresponding dose-response curves have been 
combined into a single curve for all three substances, by suitable adjustments of 


Table I. Preliminary comparison of white bread, ‘‘germ bread” and 
international standard (1934) 


Duration of cure (days)* 


ae 
Material Dose Individual animals 
International standard (activated 20 mg. 5, 6-5 
acid clay) 30 ,, 6-5, 8-5, 9-5 
40 ,, 


“Germ bread”’ lg. 


me I 
nag 


White bread 2 g. 


9 


Pw Wht CHD 


bo 
oO 


” 


* Intermediate cures, e.g. greater than 6 days but less than 7, are uniformly reckoned as 
half-days, i.e. 6-5 days. 
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the scales of abscissae, in Fig. 6. The corresponding activities, in terms of Lw. 
per g. of bread, are entered in the final summary of results (Table IV). It will be 
observed that these preliminary findings have been confirmed in later more 
precise determinations (Table IV). 


Zs 
2 
i 
5 
3 
n 
> 
3 

A 


0°03 0°04 Seale for IS. 
4 Scale for “germ bread™ 


8 Scale for white bread 


Dose given, g. 


Fig. 6. Dose-response curve with international standard, “‘germ bread” and white bread. 
x .s. @ “Germ bread’. © White bread. 


Exp.7. Comparison of “with germ” and ‘‘without germ” bread. Through the 
initiative of Sir Robert Robertson, to whom I wish to express my indebtedness, 
specimens of bread were baked under identical standardized conditions at the 
experimental bakery attached to the Supply Reserve Depot, Woolwich, under 
the supervision of Messrs J. King and J. A. Heald. The first test to be made 
involved a comparison of loaves prepared from wheaten flours, (a2) wholemeal 
with the germ included and (b) wholemeal from which the germ had been 
abstracted (described as “‘with germ” and “‘without germ” respectively). The 
purpose was to ascertain whether ‘‘ brown bread”’ containing the branny matter, 
but without the germ, was greatly inferior to genuine wholemeal bread, con- 
taining the germ. The results (Tables IT and IV, Fig. 7) indicate that the variety 
of “with germ’ bread examined was not markedly superior to the “without 
germ” bread. Further tests carried out in greater detail upon various “bran 
breads” or “with germ” and “without germ” breads, to be recorded below, 
confirm this result (see Table ITI). 
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Table II. Comparison of “with germ” and “without germ” breads (May 1934) 


Duration of cure (days) 


ee 
Individual animals 


Material 
International standard (activated 3, 3, 3°5, 5°5 
3°5, 4:5, 5, 7°5 


acid clay) 
5, 8, 10 
“With germ” bread 2 g. 3, 3, 3°5 
5, 7, 7-5, 7-5 
5, 7, 7-5, 7-5 


“* Without germ” bread 2¢. 2-5, 2-5, 2-5, 3-5 
6, 6-5, 6-5, 7 


6:5, 7-5, 8-5 


ss 
~ 
= 
= 
CS 
2 
a 
3 

a 

Lama 


0 0-01 0-02 0-03 0-04 Scale for I.S. 


dt Scale for “with germ” 
2 6 


0 4 bread 
ttt Seale for “with os 
0 > cale for “without germ 
" : 4 6 bread 
Dose given, g. 
Dose-response curve with international standard, “with germ” bread 
and “without germ”’ bread. 
x International standard. » “With germ” bread. o “Without germ” bread. 


Fig. 7. 


Flattening of dose-response curve. An incidental finding (cf. also Fig. 2) is that as larger doses of 
bread, e.g. 6 g., are given there is sometimes a flattening of the dose-response curve, as though the 
vitamin is then less completely absorbed than when smaller amounts are given. A similar 
phenomenon has been observed by other workers in the course of vitamin B, assays. It seems 
preferable under these circumstances to restrict the comparison to “medium” intakes of the 
unknown only, whenever possible—i.e. to doses which give a response in the range corresponding 
with about 10-30 mg. of international standard acid clay. With the latter material, as with con- 
centrated preparations of vitamin B, in general, the curve remains linear up to a high level of 
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dosage (i.e. when expressed in terms of units of vitamin B,), probably because absorption and 
utilization are more complete than when bulky foodstuffs containing a considerable amount of 


undigested residue are used. 


Table III. Comparison of various kinds of bread from the Government 
Laboratory, December 1934 


Duration of cure (days) 
———* - ———— 


Material Dose Individual animals Mean 


International standard (activated 10 mg. 3, 3, 3, 4 3-3 
acid clay) SF 4, 5, 6,7 5-5 


ae , 8, 10 8-3 


White bread 4g. 2, 2-0 
ce ¢ 3" 
8 


. 


IQ 


“With germ” bread 


g 


ag 


““Wholemeal”’ bread 


S 


oR 


“Without germ” bread 


*Bran”’ bread 


bon 1c 


Poe PIR Rte Rte 


s 3 oe 


a 


Exp. 8. Comparison of white, ‘with germ” and “‘without germ”, and ‘‘whole- 
meal” and “‘bran”’ breads. These specimens of bread were again obtained from 
the Government Laboratory by arrangement with Sir Robert Robertson. The 
object was to confirm the preliminary finding that brown bread containing little 
germ may still be a good source of vitamin B,, and in this respect preferable to 
white bread. The following descriptions of the various types of bread are 
kindly provided by Sir Robert Robertson and Mr More of the Government 


Laboratory. 


(a) “With germ.” The meal was obtained by grinding the whole wheat grain without separa- 
tion of germ or bran, i.e. it is a 100% wholemeal. 

(b) ** Without germ.’ The meal is similar to the above except that the germ was removed as 
“germ offal” as completely as is commercially possible, the bran content being the same as in (a). 

(c) ‘* Wholemeal.”” This is a wholemeal as supplied to the Army Supply Depot, and not 
specially prepared for these experiments. Germ and bran are present. 

(d) ** Bran.’ These loaves were made from a meal prepared by mixing in the laboratory white 
flour with finely ground bran, in the proportions in which they occur in wholemeal. The meal so 
prepared would be practically free from germ and correspond therefore with the “without germ” 
meal. 

(e) “White.” Prepared from unbleached white flour. 

The meals (a) and (6) were specially milled by Messrs Cranfield Brothers, Ipswich, from the 
same wheat mixture. 

The details of the baking process were as follows: 

Weight taken 
Meal or flour 23-5 oz. 
Salt ata ee ae dee § 
Yeast (“D.C.L.” compressed yeast) 

Water ; sa “a das sae aes 
Time of “proving” from addition of yeast to oven 
Ditto, for white flour : 

Biochem. 1937 xxx1 
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Days cured 


International standard. 
scale = 100 


Wholemeal bread | — 
4 With germ” bread|’ 
4 “Without germ” bread, scale = 0°65 


4 Bran bread, scale = 0°5 


6 8 White bread, scale = 0°12 


Dose given, g. 


Fig. 8. Dose-response curve with various kinds of breads, baked in Government Laboratory. 


x International standard. @ Wholemeal bread. gm “With germ”’ bread. 
0) “Without germ” bread. ¢ Bran bread. O White bread. 


Table IV. Vitamin B, values of breads. Collected results 
Activities, I.U. per g. 


Preliminary Confirmatory 
Preliminary trial (2) Main test test (1935) 
trial (1) (1934). (1935). [Leong & 
(1934). Breads baked Breads baked Harris, 1937, 2]. 
Breads pur- in Government in Government Breads pur- 
chased locally Laboratory Laboratory chased locally 
White bread 0-15 0-12 — 
Proprietary “germ bread” 0-8 - — 0-9 
Proprietary ‘‘ wholemeal” bread — - 0-75 
Specimens from experimental bakery: 
“With germ” bread 
““Wholemeal” bread 
“Without germ” bread 
“Bran” bread 
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The results of this test are recorded in Table III, and the composite dose- 
response curves are shown in Fig. 8. The principal finding (see Table IV) is 
that “without germ” bread or “bran” bread is a reasonably good source of 
vitamin B, not greatly inferior to genuine wholemeal bread or ‘“‘with germ” 
bread. 

The flattening of the dose-response curve noted for Fig. 7 is again seen in 
Fig. 8. 

ity the sake of comparison Table IV also gives the results of a later 
confirmatory test carried out with Mr P. C. Leong in 1935 [see Leong & Harris, 
1937, 2], in which the activity of “germ bread” was again determined, together 
with that of a proprietary brand of wholemeal bread. The values found are 
in keeping with the earlier conclusions. 


Discussion 

It is generally recognized that genuine wholemeal bread is superior to white 
bread as a source of vitamin B,, but it has been much questioned of late whether 
ordinary ““‘brown bread” as commonly sold and containing no appreciable 
amount of germ is for this reason preferable to white bread. No doubt 
can remain that this question must now be definitely answered in the 
affirmative. 

Perhaps the most novel of the findings recorded in this paper, however, are 
(1) the observation that refection may be induced by diets of white or brown 
breads, and (2) the surprising result that the variety of “germ bread” which we 
examined was not greatly superior in vitamin B, content to the ““wholemeal”’ 
bread, or the latter to “‘bran bread”’. 

The matter of refection may be discussed first. As already mentioned 
Hartwell recorded in 1924 that she had found that “white bread contains 
sufficient vitamin B to supply the needs of a rat, both for growth and reproduc- 
tion”. She supposed that while the flour contained a small amount of vitamin B 
the main source was the added yeast. Hartwell & V. H. Mottram [1929] argued 
from these results that propaganda urging the use of brown bread by the 
working classes were uncalled for. The conclusions of Hartwell were, however, 
called into question by Cramer & J. C. Mottram [1927] who reasoned that the 
amount of yeast ordinarily present in bread was so small as to be of little practical 
significance as a source of vitamin B. They calculated that the vitamin B value 
of wholemeal bread corresponds with the amount known to be present in its 
component parts (including germ, endosperm, pericarp: cf. Table V), and con- 
cluded that the good growth of the rats on white bread seen in the rats in 
Hartwell’s experiment must presumably have been due to the butter which was 
added to their diet. An alternative explanation now seems to offer itself on the 
basis of our own experiences, namely that the rats in Hartwell’s tests had become 
refected. Refection has occurred with such regularity in our experiments, that 
when the fact is also borne in mind that the signs of it are often not readily 
noticed, this suggested explanation seems likely enough. 

The second point which calls for discussion is the fact that the proprietary 
“germ bread”’ examined was not such an active source of vitamin B, as might 
have been expected from the generally accepted high value for the fresh germ 
itself, and further that bran bread (or ‘‘ without germ’”’ bread) was not markedly 
inferior to genuine wholemeal bread (or to “‘with germ” bread). The values for 
the various wheat products as collected by Cowgill [1934] from the available 
literature [see Cowgill for the original references; also Morgan & Frederick, 1935; 
Morgan & Hunt, 1935] are as follows (Table V). 


51—2 
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Table V. “Relative vitamin B, index”’ (Cowgill) 












Bran 40 Middlings 75 
Flour 3 Whole wheat 20 
Germ 135 White bread made with water 2 







The finding that “‘without germ” bread or “bran bread” is not greatly 
inferior to ““with germ” or wholemeal may be sufficiently accounted for from 
the fact that the bran and middlings are a fairly potent source of vitamin B, (see 
Table V). A redetermination of the vitamin B, contents of bran and middlings, 
by means of the bradycardia method, is reported in Part II [Leong & Harris, 
1937, 2]and theresult leavesnoroom for doubt that these materials areif anything 
even more active than has hitherto been recognized. Thus although inferior to 
the germ, when expressed in terms of units per g., the relatively larger amount 
of such branny matter present would have a great influence on the final vitamin 
B, value of the bread (see Cramer & J. C. Mottram [1927] for calculations of this 
kind). The same reason, partly at least, accounts for the fact that the pro- 
prietary “‘germ bread” examined was not found to be greatly more active than 
wholemeal bread. The “‘germ bread” in question is baked from a flour prepared 
by admixture of 3 parts of white flour with 1 part of a prepared wheat germ, and 
thus, in contrast with the wholemeal bread, has none of the branny matter as a 
source of vitamin B,. A further possible explanation would be that there is pre- 
sumably an appreciable loss of vitamin B, during the cooking process to which the 
germis first subjected before incorporation in the flour, or again the variety of germ 
used may not be of the highest vitamin B, potency. These points are referred to 
further in the following paper [Leong & Harris, 1937, 2], where the data for 
wheat germ are reviewed, and the calculated or ‘‘expected”’ values for “germ 
flour” are compared with the values actually found. 

























SUMMARY 








Section I. Attempts to compare the vitamin B, contents of white and 
brown breads either by (1) the rat-growth method, or (2) the cure of convulsions 
in rats, failed to give satisfactory results. With the rat-growth method, refection 
supervened, and was found to be an insuperable obstacle because (1) of its 
insidious onset, (2) of the absence of criteria for its presence (the pale enlarged 
faeces may not be seen until it has been established for some time—and then 
sometimes only erratically). Refection seems to occur much more readily in 
some laboratories than in others. 

The method based on the cure of convulsions in rats was also found un- 
satisfactory, the principal difficulty being to get the rats when already seriously 
ill with convulsions to consume the relatively large amounts of bread which 
would be necessary to provide an adequate amount of vitamin B, for a cure. The 
same difficulty is encountered with the pigeon curative test, and in addition the 
percentage error of the method is known to be high. 

Section II. The bradycardia method overcomes these several difficulties 
and enables an accurate assay to be carried out. As only one dose of unknown is 
given there is little chance of refection becoming established, and as the animal 
is tested before it is gravely ill and while its appetite is still good, large amounts 
of the unknown may be satisfactorily administered when they are relatively 
poor sources of the vitamin. 

The results with various types of bread are summarized in Table IV. The 
main points of interest are: (1) A proprietary ‘‘germ bread” (prepared from a 
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mixture of 3 parts of white flour plus 1 part of treated germ) was found to be 
but surprisingly little superior to ordinary wholemeal bread, although about 
7-8 times more potent than white bread. (2) Specimens of ‘‘ without germ bread” 
or “bran bread” (i.e. “‘brown breads”’ containing the branny matter but with a 
minimum of germ) which were examined were superior to white bread in con- 
taining significant amounts of vitamin B, and, contrary to expectation, were 
not greatly inferior to genuine wholemeal bread or to “‘with germ” bread (i.e. 
breads containing in addition the small proportion of germ present in the 
original whole wheat). 


I am greatly indebted to Sir Robert Robertson for his suggestions and help, 
to members of his staff at the Government Laboratory for co-operating in the 
supply of loaves baked under standardized conditions, and to A. Ward for his 
skilled care of the experimental animals. 
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THE principal object of the experiments to be described in the present paper was 
to obtain information about the vitamin B, content of the flours corresponding 
with the breads used in the experiments described in the preceding paper 
[Harris, 1937]. In the first place, however, a preliminary confirmatory experi- 
ment was carried out, on further specimens of “‘germ bread’ and wholemeal 
bread. The work to be described was carried out in the early part of 1935. 











TESTS ON ‘‘GERM BREAD”? AND WHOLEMEAL BREAD 


These breads were purchased locally, and the tests on rats by the bradycardia 
method carried out in the same manner as previously described, a considerable 
number of rats being used in the present work to reduce the percentage error 
of the observation. 

The responses of the rats on different levels of the two unknowns and 
standard are arrayed in Fig. 1, and the relative activities calculated in Table I, 
with the aid of a combined dose-response curve, Fig. 2. 










Table I. Confirmatory test with breads (1935) 














Dose No. of days cured 
given - A Activity 
Material g- Average I.U. per g. 
International standard 0-01 1-5, 2, 2, 2, 2, 2-5, 2-5, 2°5, 3, 3, 3°5, 5 2-6 
(activated acid clay) 0-02 3, 4, 4°5, 5, 5, 5, 5, 6, 6 4:8 00 
0-03 6, 6, 6-5, 7, 8-5, 9, 9, 9, 9, 10, 14-5 8-6 
Proprietary “germ 1 1-5, 2, 2-5, 3, 3, 4 2-7 1-04 
bread” 2 4, 4, 4, 4- 6 4-7 0-98 
3 4, 5, 5 6-1 i 






Proprietary wholemeal 


bread 










“‘Flattening of curve.” As in the earlier work, it will be observed that a 
proportionally lessened effect is produced with larger doses than with smaller 
doses of the breads. Owing presumably to the fact that the vitamin is less 
completely absorbed when a large dose of the material is given, the calculated 
activity appears to be relatively higher when the dose is low than when it is 
high. The final result expressed in terms of units per g. of material will therefore 
depend somewhat on the sizes of the doses given. 

The average values found however agree well with those in the preceding 


paper. 
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Fig. 1. Responses with graded doses of International standard, “germ bread” 
and wholemeal bread. 
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3 Scale for wholemeal bread 
Dose given, g. 
Fig. 2. Dose-response curve with International standard, “germ bread” and wholemeal bread. 
x International Standard. e “Germ bread.” @ Wholemeal bread. 


TESTS ON VARIOUS FLOURS 


The “‘germ bread” examined in the foregoing tests is made from a “germ 
flour’? which is stated to be prepared by the admixture of 25 parts of prepared 
wheat germ with 75 parts of white flour. (This quantity of wheat germ is claimed 
to be 18-20 times the amount present “‘in ordinary brown bread”’.) As has been 
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mentioned in the preceding paper, the vitamin B, potency of the ‘germ bread” 
is less than might be calculated theoretically from its content of wheat germ. 
Two explanations might be advanced: either the wheat germ used is not in 
reality so potent as the values cited in the literature for “good” specimens of 
wheat germ (see below) might lead one to suppose, or possibly some activity is 
lost during the preliminary heating treatment to which the germ is submitted. 
Further tests have accordingly been carried out to investigate these points. 


Table II. Results with flours, etc. (1935) 


Dose Number of days cured 
given —_ ——, 
Material g. Individual animals Average 


International standard 0-01 2, 2, 2-5, 3, 3 2:5 
0-02 3° +5, 4:5, 5: 4-6 
0-03 5, 5:5. 6 6 
0-04 5, 7, 7-5, 9, 7-9 
Wheat germ: 
Commercial, Specimen 1 (as used for 
“germ flour’’) 
Commercial, Specimen 1 
Pharmaceutical, proprietary preparation 


1 


or 
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Fig. 3. >< International standard. @ “Germ flour” (2 g.). % Wholemeal flour (2 g.). 


+ White flour, 3 parts+germ, 1 part (2g.). @ Wheat germ (0-5g.). + Middlings (0-5 g.), 
@ Bran (0-5¢g.). O White flour (2 g.). 
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In the first place a proprietary “‘germ flour” and wholemeal flour were 
compared to ascertain whether their relative potencies were similar to those of 
the breads prepared from them. This was found to be the case. 

Secondly, a specimen of the raw germ was obtained from the manufacturers 
of the “‘germ flour” and its activity determined. At the same time a product 
was prepared in the laboratory by mixing 25 parts of this untreated germ with 
75 parts of white flour. This was compared with the proprietary “‘germ flour”’, 
which differs from it only in the fact that the germ with which it is compounded 
has been first heated with salt. Finally, for comparison, tests were carried out on 
preparations of wheat germ derived from other sources, and also on specimens of 
middlings, bran and white flour. 

Results. A summary of the animal responses is given in Table II, and the 
values for the activities of the different flours, as calculated from the dose- 
response curve (drawn up from the results of simultaneous experiments with the 
International Standard: Fig. 3), are set out in Table III. 















Table III. Summary of conclusions with flours (1935) 






Activity 
Material I.U. per g. 
Wheat germ: 
Commercial, Specimen 1 6-6 
Commercial, Specimen 11 6-0 
Pharmaceutical, proprietary preparation 8-4 









Proprietary “‘germ flour”: 


From retailer 
From manufacturer 


Wholemeal flour 

White flour, 3 parts + wheat germ, | part 
Middlings 

Bran 

White flour, specimen 1 

White flour, specimen 


* We are informed by Dr J. J. Fox that the middlings produced in flour mills contain variable 
proportions of endosperm and bran, and although under some conditions they may be almost free 
from germ, it is the practice, especially when the miller has no outlet for the sale of the germ, to 
include some or all of the germ in the middlings. This may account for the middlings examined 
having a higher value than the bran (cf. also Table V, Part I). 
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It will be seen that, as with the corresponding breads, the “‘germ flour” has 
an activity similar to that of wholemeal flour. Furthermore, the mixture of 
3 parts of white flour with 1 part of raw germ, as compounded in the laboratory, 
simulated the proprietary ‘“‘germ flour” in its activity. These results seem to 
show that the main reason for the ‘‘germ flour” having little or no greater 
activity than wholemeal flour is that the added germ is less potent than has been 
supposed.. This is confirmed by the direct assay of the specimen of raw germ 
itself. 


The activity of the raw germ, as supplied, was found to be 6-6 1.v. per g. This may be com- 
pared with the finding of Baker & Wright [1935] that a proprietary brand of wheat germ had an 
activity of 15-0 1.v. per g., while different specimens of “crude wheat germ” assayed at 5-9, 8-5, 
10-5, 12-0 and 18-8 1.v. per g.1 Taking 101.v. per g. as a representative and moderate value, a 














1 Baker et al. [1937] write, ‘A wide range of samples [of hand-picked germ] gave values from 
11 to 15 units per g. Ordinary commercial grades of germ usually contain bran and give slightly 
lower values, a good average being in the neighbourhood of 10 1.v. per g. Considerable variation 
has, however, been found and values as low as 5 and as high as 20 do occur.” 
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product containing 25% of such wheat germ should have a value of not less than 10/4=2-5 1.0. 
per g., instead of 1-3-1-5 1.v. per g. as actually found for the specimens which were examined by us. 
(Crude “commercial wheat germ” as ordinarily marketed—in contrast with a “hand-picked 
wheat germ’’, or wheat germ which has been dissected out in the laboratory—necessarily contains 
a considerable amount of other milling residues in addition to the actual germ itself; and no doubt 
its potency will depend on the efficiency of the separation.) 


It may be concluded therefore that the fact that the ‘‘germ flour” is so little 
different in potency from wholemeal flour is due to the following causes. (1) The 
“germ flour” is prepared by mixing prepared germ with white flour, and the 
latter contains none of the branny matter to which the vitamin B, potency of 
wholemeal flour is mainly to be ascribed (see Table III). (2) The germ itself is 
not so potent as certain specimens previously tested, whose activity is to be 
found recorded in the literature. (3) Apparently the treatment of the germ 
during the preliminary processes is not responsible for any serious loss of activity: 
additional investigation would be necessary to obtain detailed quantitative 
data on this last point. 


SUMMARY 


Further confirmation is given to the finding that the ‘‘germ bread” investi- 
gated is little superior in vitamin B, content to wholemeal bread. 

The corresponding “germ flour” is likewise similar in activity to a wholemeal 
flour, instead of, as might have been anticipated, appreciably richer. One 
reason for this is that the ‘‘germ flour” is prepared by admixture of germ with 
white (not wholemeal) flour, and that a large proportion of the activity of the 
wholemeal flour is due to the branny matter present. A further reason is that the 
crude germ itself as used is found to be less potent than might have been 
expected from the data given in the literature. The preliminary heating process 
to which the germ is submitted is apparently only a minor cause of loss. 

The results for white flour (which is confirmed to be an inadequate source of 
vitamin B,), for wholemeal flour and ‘‘germ flour”, and for bran, middlings and 
various specimens of wheat germ, are summarized in Table ITI. 
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CVIII. THE MECHANISM OF THE BIOLOGICAL 
SYNTHESIS OF ACETYLCHOLINE 


I. THE ISOLATION OF ACETYLCHOLINE PRODUCED 
BY BRAIN TISSUE IN VITRO! 


By EDGAR STEDMAN anp ELLEN STEDMAN 
From the Department of Medical Chemistry, University of Edinburgh 


(Received 9 March 1937) 


As a result of our work on choline-esterase, the enzyme responsible for the 
destruction of acetylcholine, we were led, some 2 years ago, to commence an 
investigation which had as its objective the elucidation of the mechanism 
whereby acetylcholine is synthesized in the animal organism. This objective has 
not yet been achieved. In view, however, of the recent publication of Quastel 
et al. [1936] on the same theme, it appears to us desirable to publish the results 
which we have already obtained. 


Possible mechanisms of synthesis 


In attacking the problem in question we made the provisional assumption, 
in support of which there exists a considerable body of evidence in the literature, 
that the substance liberated at the terminations of cholinergic nerves and 
responsible for the transmission of impulses from these nerves to the effector 
organs is actually acetylcholine, and that its formation occurs in the nervous 
tissue. Three different synthetic mechanisms of two fundamentally different 
types appeared to be possible. In the first place, it was conceivable that the 
acetylcholine was produced from choline and acetic acid by esterification under 
the influence of choline-esterase. This enzyme is known to exist in nervous 
tissue [Stedman & Stedman, 1935, 1] and there is some evidence that it is able 
to exercise a synthetic action. Thus, Ammon & Kwiatkowski [1934], in con- 
firmation of Abderhalden & Paffrath [1926], have shown that when certain 
biological material containing choline-esterase is incubated with sodium acetate 
and choline chloride, a small amount of acetylcholine is formed. The concen- 
trations of choline and acetic acid required under these conditions for the 
formation of even physiologically appreciable amounts of acetylcholine are, 
however, necessarily so high as to place the process outside the range of physio- 
logical possibilities. Unless the esterification can be conceived of as occurring in 
a non-aqueous medium, an explanation of the synthesis of acetylcholine by this 
mechanism is, in our view, out of the question. 

The second type of mechanism considered was one in which choline, or some 
derivative of choline, interacted with a normal metabolite to yield acetyl- 
choline. Two such metabolites, namely pyruvic and acetoacetic acids, appear 
to be theoretically capable of thus participating in the synthesis of acetyl- 

1 Read before the Physiological Society at its Meeting on 13 February 1937. 
( 817 ) 
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choline. In the case of pyruvic acid, it is conceivable that the reaction might 
take the following course: 


OH 0! 


poe 
CH,—C.COOH 'H,===C |COO||H 
+ 
H—O.CH,.CH,.N(CH,),Cl U.CH,.CH,.N(CH,),Cl 
O 
| +CO, +[H3] 
ca,—C 


O.CH,.CH,.N(CH,),Cl 


This involves the formation of a loose additive compound between choline and 
pyruvic acid in its enolic form, which then undergoes oxidation and decarboxy- 
lation with the production of acetylcholine. The hypothetical mechanism in the 
case of acetoacetic acid is even simpler. With this possible precursor, it is only 
necessary to postulate the similar formation of an additive compound between 
the enolic form of the acid and choline, when acetylcholine would be readily 
formed provided that the hydrogen of the enolic hydroxyl group migrated to 
the position which it occupies in the ketonic form of the molecule. This is illus- 
trated in the following scheme: 


OH onH— 


| 4 
CH,.C=CH.COOH CH, C:-==-CH.COOH 


+ ; : 
O—H O---H 


| | 
CH,.CH,.N(CH,),Cl CH,.CH,.N(CH,),Cl 


+CH,.COOH 


| 
CH,.CH,.N(CH,),C1 


Synthesis of acetylcholine by brain tissue in vitro 


It was assumed that such processes, should they actually occur, would take 
place under the influence of one or more enzymes, and it was therefore necessary, 
in order to test the various hypotheses experimentally, to obtain a preparation 
in which the synthesis of acetylcholine could be demonstrated in vitro. Brain 
tissue was first examined, and it was, in fact, found that when minced brain from 
the cat, guinea-pig or ox, the only species which we have so far examined, was 
incubated at 37° in the presence of eserine, the addition of this substance being 
necessary in order to inhibit the action of choline-esterase, a substance was 
formed which, judged by its action on the eserinized back muscle of the leech, 
closely resembled acetylcholine in its properties. The amount produced was 
small, but could be considerably increased by grinding the minced tissue, before 
incubation, with chloroform. This is illustrated by an experiment in which an 
ox brain, obtained from the slaughter-house, was minced and thoroughly ground 
in a mortar to render the material as uniform as possible. It was then divided 
into portions of 20 g., of which three were ground respectively with 5 ml. of 
chloroform containing 5 mg. of eserine, 5 ml. of water containing 5 mg. of 
eserine sulphate, and 5 ml. of water containing 5 mg. of eserine sulphate, 
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followed, in this case, by the addition of a few drops of chloroform. After 
incubating this material for 4 hr. at 37°, each sample was stirred up with 100 ml. 
of alcohol. After standing overnight, it was filtered, the solid residue being 
washed with alcohol, and the filtrate and washings were evaporated to dryness 
in vacuo at a low temperature. The residue from this process was now thoroughly 
ground up with sufficient water to bring the volume to exactly 50 ml, filtered, 
and the filtrate tested on the eserinized leech preparation. The results obtained 
are shown in Fig. 1, from which it is clear that considerably more acetylcholine 


A B c D 


Fig. 1. A shows response of leech muscle to acetylcholine bromide 2 x 10-8; B to 0-05 ml. of 
extract from chloroform preparation; C to 0-05 ml. of extract from water preparation; and 
D to 0-05 ml. of extract from water + chloroform preparation. 


was produced in the tissue which was ground with chloroform than in that 
ground with water. It is further evident that the addition of a few drops of 
chloroform to material, which had been previously ground with water, has no 
significant influence on the amount of acetylcholine produced. Further in- 
vestigations therefore were always carried out with the chloroform preparation, 
our usual procedure being to grind a minced ox brain (about 200 g.) with 50 ml. 
of chloroform containing 50 mg. of eserine. Weighed portions of the mixture 
were then employed for various experiments. It should, perhaps, be stated 
here that the subsequent addition of water or aqueous solutions to such chloro- 
form preparations does not entirely abolish 
the effect of the chloroform, although the 
yields of acetylcholine are somewhat dimin- 
ished. 

That the acetylcholine is actually pro- 
duced during incubation and is not pre- 
formed in the brain tissue follows, we 
believe, from experiments in which a com- 
parison was made of the acetylcholine 
content of the tissue before and after 
incubation. Thus, 20 g. of a chloroform 
preparation of ox brain were incubated for B 
4 hr. while a similar sample of the same Fig. 2. Response of leech muscle to 0-05 ml. 
material was treated, immediately after of extract from incubated material (A); 
preparation, with alcohol. The activities of 2"4 to 005ml. of extract from non- 

7 incubated material (B). Final extracts 

the final extracts, which were prepared by measured 50 ml. 
a method, which is rather more elaborate 
than that employed above and is described below in connexion with the isolation 
of acetylcholine, were then compared on the eserinized leech muscle (Fig. 2) 
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The amount of acetylcholine in the control is evidently negligible compared 
with that in the incubated material. This result does not imply that no 
acetylcholine was present in the whole brain. During the process of mincing 
preformed acetylcholine is brought into contact with the choline-esterase of the 
brain, by which it is rapidly destroyed. 

In view of the successful outcome of the above experiments we have not 
carried out any extensive investigations with other tissue. Preliminary experi- 
ments have, however, indicated that treatment of minced spleen (horse), heart 
(cat) and gut (cat) by the procedure used in the case of brain results in the 
production of little or no acetylcholine. We cannot assert that no acetylcholine 
is produced by these tissues in vitro, but the amount, if any, which is formed is 
negligible in comparison with that produced by an equal weight of brain tissue 
under the same conditions. 


Isolation of acetylcholine 


As far as we could judge from our experiments with the leech preparation, 
the substance prepared as described above certainly resembled acetylcholine 
very closely. We were able to show that its activity on the leech muscle was 
potentiated by eserine, and, further, that its activity was destroyed by a pre- 
paration of choline-esterase obtained from horse serum by the method which 
we have previously described [1935, 2]. Nevertheless, it appeared to us desirable 
to place its identity beyond doubt by its actual isolation. In order to determine 
if this was practicable, a biological assay of the material produced was carried 
out, as a result of which it was concluded that 200 g. of ox brain, when in- 
cubated under the conditions described above, would produce an amount of 
the active material which, in its action on the eserinized leech muscle, was 
equivalent to approximately 1-5mg. of acetylcholine bromide. Since the 
average weight of an ox brain is about 200 g. it was evident that 30 brains would 
yield about 45 mg. of the bromide or 36 mg. of the chloride, an amount which 
we considered was just sufficient to permit of its actual isolation if the sub- 
stance were, in fact, acetylcholine. In order to add a margin of safety we there- 
fore decided to attempt the isolation from 40 ox brains, which, provided they 
all behaved in a uniform manner, should yield 48 mg. of acetylcholine chloride. 

Before attempting the isolation there was, however, one obvious difficulty 
which required investigating. In the material from which we hoped to isolate 
acetylcholine, there would be present not more than 48 mg. of the chloride of 
this substance, and this would be admixed with 2 g. of eserine. Since all the 
precipitants, such as Reinecke’s salt and chloroplatinic and chloroauric acids, 
which are of service in the isolation of acetylcholine, also react with eserine 
to yield insoluble salts, it was clear that some other process would have 
to be employed to remove the alkaloid. Normally, in order to separate eserine 
from a quaternary salt, it would suffice to shake out the former with ether or 
chloroform from alkaline solution. In the present instance, the sensitivity of 
acetylcholine to alkalis had to be borne in mind. Nevertheless, it was found that, 
after making the solution very faintly alkaline to litmus by the addition of 
saturated aqueous sodium bicarbonate, the eserine could be completely removed 
from it by extracting it six times with chloroform; moreover, biological assays 
indicated that this could be done, provided that all operations were carried out 
as rapidly as possible and the solution was again rendered faintly acid on their 
completion, without the occurrence of any appreciable decomposition of the 
acetylcholine. This method was therefore adopted in the isolation now to be 
described. 
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The brains were obtained in pairs from the slaughter-house as rapidly as 
possible after the animals were killed. Immediately on their arrival at the 
laboratory they were minced separately. Each brain was then thoroughly 
ground with a solution of 50 mg. of eserine in 50 ml. of chloroform, and the 
mixture incubated for 2 hr. at 37°. On removal from the incubator 500 ml. of 
alcohol were added, the mixture thoroughly stirred and shaken and left over- 
night. The alcoholic extract was then removed by filtration, the residual fibrous 
tissue again extracted with alcohol, and the solvent removed from the combined 
filtrate and washings by distillation in vacuo at a low temperature. In this dis- 
tillation the temperature of the bath was usually maintained at 35° and in no 
case allowed to rise above 40°. The temperature of the contents of the flask was, 
therefore, never appreciably greater than that of the room. If, as frequently 
happened, it was necessary to store the semi-solid brown residue, this was done 
in a vacuum desiccator over sulphuric acid. In the next stage of the process, 
the residues from two brains were intimately ground with about 150 ml. of 10% 
aqueous trichloroacetic acid, the mixture well shaken and kept in the refrigerator 
for a few hours in a moderately narrow cylinder. The precipitate usually settled 
sufficiently to enable the bulk of the extract to be removed with a pipette. The 
remainder was separated by centrifuging the residual material, the precipitate 
being finally washed with a further small quantity of the trichloroacetic acid. 
The bulk of the acid was then removed from the combined solutions by ex- 
tracting them four times with ether, after which eserine was shaken out from 
the aqueous solution by the method described above, the final acidification being 
made with tartaric acid. The solution was now evaporated to dryness by dis- 
tillation in vacuo, with the precautions previously described. Extraction of the 
residue with cold alcohol eliminated a further quantity of insoluble material, the 
filtrate being evaporated to dryness in a vacuum desiccator, in which the 
residue was subsequently temporarily stored. When about 10 brains had been 
treated in this way the solutions obtained by dissolving these residues in the 
minimum volume of water were combined, treated with a slight excess of a 
saturated solution of Reinecke’s salt, and placed in the refrigerator for a few 
hours. The precipitated reineckate was then filtered, washed successively in the 
customary manner [see e.g. Dudley, 1933] with water, alcohol and finally ether, 
and stored until all of the brains had been treated in the same manner. The 
combined reineckate from the 40 brains weighed about 2-5 g. It was decomposed 
with silver sulphate and barium chloride and the solution containing the chloride 
of the recovered base concentrated by distillation in vacuo. The residual syrup 
was dissolved in alcohol and treated with an excess of an alcoholic solution of 
chloroplatinic acid. After standing in the refrigerator overnight, the chloro- 
platinate which had separated was filtered and washed with a little alcohol. 
It weighed 1-45 g. On crystallization from about 5 ml. of water, 60 mg. of 
material were obtained. This was recognized as the double chloroplatinate of 
choline and acetylcholine by comparison with an authentic specimen of the 
substance prepared according to details given by Dudley [1929] from a mixture 
of choline and acetylcholine chlorides. Both specimens crystallized in the form 
of octahedra which melted separately, and when intimately mixed, at 262° with 
decomposition. This comparison completely satisfied us as to the identity of the 
material isolated from the brain tissue. Nevertheless, in view of the fact that the 
decomposition point of the double chloroplatinate to some extent depends upon 
the rate of heating, it was decided to convert the bases into chloroaurates, 
from which pure acetylcholine chloroaurate could be isolated. For this purpose, 
the elegant method devised by Dudley [1929] was employed. The remainder of 
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the double chloroplatinate was dissolved, with warming, in 2 ml. of water, the 
operation being carried out in a small centrifuge tube. It was then decomposed 
by shaking it with finely divided metallic silver, centrifuged and the residue 
washed with 0-5 ml. of water. On treating the combined solutions with con- 
centrated aqueous gold chloride, an immediate precipitate was formed. After 
standing in the refrigerator for 2 hr. this was filtered without washing, and, after 
drying, weighed 75 mg., the abnormal yield being due, no doubt, to contamination 
with free gold chloride. It was then dissolved in 2 ml. of warm water, filtered 
through a hot-water funnel from a little insoluble matter, the filter being washed 
with a further 0-5 ml. of warm water, and the filtrate left in the refrigerator for 
2 hr. The crystalline material which separated weighed 20 mg. and melted at 
152°. It was evidently not yet quite pure. A further recrystallization from hot 
water was therefore carried out, when there were obtained 15 mg. of a substance 
forming irregular plates which were indistinguishable under the microscope 
from the crystals of an authentic specimen of acetylcholine chloroaurate. This 
material, as also a specimen of acetylcholine chloroaurate placed in the same 
bath, melted at 165° and no depression occurred when approximately equal 
weights of the two were intimately mixed. The gold content of the chloroaurate 
obtained from the brain tissue corresponded, moreover, with that required for 
acetylcholine chloroaurate. (Found: Au, 41:0%. C,H,O,NAuCl, requires 
Au, 40-6%.) There is thus no doubt that the substance formed when brain 
tissue is incubated is acetylcholine. The yield obtained, based on the weight of 
the double chloroplatinate isolated, corresponded only with 18 mg. of acetyl- 
choline, whereas a rough calculation had indicated that 48 mg. would be formed 
in the material used. In view of the instability of acetylcholine and of the many 
operations involved in its isolation, the loss which occurred is not, perhaps, 
greater than would be expected. For instance, biological assays indicated that 
the conversion of the acetylcholine into the reineckate and its recovery there- 
from resulted, in our hands, in a loss of no less than 25 % of the active material. 

It was mentioned above that the crude chloroplatinate first isolated weighed 
1-45 g. but only yielded 60 mg. of the double chloroplatinate of choline and 
acetylcholine. The remainder of the material was not, in this case, further 
investigated. That it consisted mainly of choline chloroplatinate follows, how- 
ever, from a previous abortive attempt to isolate acetylcholine. Starting with 
37 ox brains and treating them exactly as described above, the syrup recovered 
from the reineckate was, in this instance, dissolved in a small volume of water 
and treated with aqueous gold chloride. The chloroaurate which separated 
weighed 1 g. and, although biological tests proved that it contained some 
acetylcholine, was found to consist largely of choline chloroaurate, for, after two 
recrystallizations from water it melted with decomposition at 266° and contained 
the correct percentage of gold. (Found: Au, 44:3%. C;H,,ONAuCl, requires 
Au, 44-5%.) The chloroaurate is not a suitable salt for use in the isolation of 
acetylcholine from a large excess of choline, and it therefore seemed preferable, 
in this case, particularly in view of the losses by decomposition which had 
occurred during the recrystallization of the gold salt, to start the new experiment 
described above rather than to attempt to convert the chloroaurates into 


chloroplatinates. 
Influence of conditions on amount of synthesis 


Before, and concurrently with, the work resulting in the isolation of acetyl- 
choline, we carried out many experiments with the object of gaining some 
insight into the mechanism of its formation. Some of these were only of an 
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orienting type, designed to discover the best experimental conditions for further 
work. In view of their provisional nature, these will only be briefly referred to. 

The first point which required examination seemed to be the effect of the 
time of incubation on the yield of acetylcholine. Unfortunately, the results 
obtained with different preparations have not been entirely consistent. They do, 
however, agree in showing that the yield is not appreciably, if at all, increased 
by continuing the incubation beyond about 4 hr. In one experiment a decided 
maximum was reached after 1} hr., and this was followed by a moderately 
rapid fall. In others, however, the maximum yield was not produced until 3 hr. 
had elapsed, when the quantity present only diminished slowly with time. On 
the whole it was decided that the best results would be obtained if a 2-hr. period 
of incubation were used, although, in some of the earlier experiments, 4 hr. had 
been chosen. In connexion with the time of incubation, it should be pointed 
out that, at 37°, the spontaneous hydrolytic decomposition of the acetylcholine 
would not be negligible; this, no doubt, accounted for the diminution in yield 
which was observed on prolonging the period of incubation. 

As was to be expected, the pH of the mixture undergoing incubation was not 
without influence on the yield of acetylcholine. Using an incubation period of 
4 hr. and a sodium phosphate buffer, the best results were obtained in the 
region of neutrality ; at pH 6-0 and 8-0 the yield was much depressed. Neverthe- 
less, as compared with preparations to which 10 ml. of water were added instead 
of an equal volume of the buffer solution, the effect of the phosphate was to 
diminish the yield whatever the pH. Further experiments were therefore 
carried out without any attempt to control the acidity. 

In some of our earliest experiments the brain tissue was incubated in 
evacuated vessels. Somewhat better results were, however, subsequently 
obtained in the presence of air, and the process of evacuation was therefore 
discontinued. No conclusion can, however, be drawn from this as to whether 
the process occurring in our chloroform preparation and resulting in the pro- 
duction of acetylcholine requires oxygen; the process of evacuation which we 
employed was, perhaps, not such as to ensure the complete exclusion of oxygen 
from the reaction vessel. 


Effect of addition of various substances 


A number of substances, when added in amounts of 50 mg. to 20 g. of the 
chloroform preparation, exercised little, if any, influence on the production of 
acetylcholine. Among these substances are glucose, potassium chloride and 
glycine, all of which produced, if anything, a slight inhibition. Experiments with 
choline and sodium acetate indicated that these substances may be placed in the 
same category. Fig. 3 illustrates the results in the case of choline. In this 
experiment, the minced brain (about 200 g.) was ground with 50 ml. of chloro- 
form containing only 10 mg. of eserine, while the amount of choline chloride 
added to the 20 g. sample was restricted to 10 mg. This was dissolved in 1 ml. 
of water, a similar volume of the solvent being added to the control. The 
restriction of the amount of choline used was made because larger quantities, 
which may themselves be without action, in the dilution finally employed, on 
the leech preparation, do actually produce some effect in the presence of acetyl- 
choline. Fig. 3 shows that choline exerts no influence on the yield of acetyl- 
choline. The slightly greater response of the leech muscle to the extract contain- 
ing choline, if it can be regarded as significant, must be attributed to the action 
referred to above. Fig. 3 also demonstrates the potentiation by eserine of the 
action of the substance produced in vitro on the leech muscle. When the tissue is 
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incubated with larger amounts of eserine (50 mg. per brain), this effect is not so 
marked owing to the greater rapidity with which the eserine, which passes into 
the final extract, then exercises its effect on the muscle. It can, however, be 
demonstrated in such cases by removing the alkaloid from the extract by the 


Talay 
A B c D 


Fig. 3. Effect of addition of 0-025 ml. of final extract from preparation containing added choline 
before (A) and after (B and D) treatment of leech muscle with eserine. Control added at C, 
Final extracts measured 10 ml. 


Fig. 4. Response of leech muscle to 0-05 ml. of final extract from preparation containing added 
sodium acetate (B), and to control (A and C). Final extracts measured 50 ml. 


process previously described. The results obtained with sodium acetate are 
illustrated in Fig. 4. In this experiment 50 mg. of sodium acetate dissolved in 
1 ml. of water were used. No effect, apart from a possible slight inhibition, can 
be observed. 


Effect of addition of sodium pyruvate and acetoacetate 


In view of the possibility that sodium pyruvate or sodium acetoacetate 
might act as a precursor of acetylcholine, special attention has been paid to the 
influence of these substances on the yield of acetylcholine in the chloroform 
brain preparation. The effect of the former substance is shown in Fig. 5. In this 
experiment, 50 mg. of sodium pyruvate, dissolved in 5 ml. of water, were added 
to 20 g. of the chloroform preparation, which was then incubated for 4 hr. The 
control was treated similarly, 5 ml. of water being used in place of the solution 
of pyruvate. It is evident from the tracing that the pyruvate has produced an 
inhibition of the synthesis of acetylcholine which is virtually complete. This 
particular experiment was carried out as long ago as November 1935. It has been 
repeated on many occasions since, with the same result. There appears, therefore, 
to be no doubt as to the power of sodium pyruvate to inhibit the formation of 
acetylcholine in the chloroform preparation. Included in Fig. 5 is a tracing 
showing the effect of 0-05 ml. of lactic acid, neutralized with sodium hydroxide, 
and diluted to 5 ml. on the same leech preparation. An inhibition is again 
evident although it is not so marked as with the pyruvate. 

In examining the effect of acetoacetic acid on the synthetic process, a solid 
preparation of sodium acetoacetate, obtained from the ethyl ester, has been 
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employed. Iodimetric estimations of the acetone produced on hydrolysis of 
this preparation indicated that it contained 70° of sodium acetoacetate. Its 
effect on the synthesis of acetylcholine by the chloroform preparation is illus- 
trated in Fig. 6. A solution of 50 mg. of the acetoacetate in 1 ml. of water was 


. ba 
D A B Cc 
Fig. 5. Fig 6. 
Fig. 5. Response of leech muscle to 0-025 ml. of final extracts from control (A and D), and from 


material containing added sodium pyruvate (B) and sodium lactate (C). Final extracts 
measured 10 ml. 


Fig. 6. Response of leech muscle to 0-05 ml. of final extracts from material containing added 
sodium acetoacetate (A and C) and from control (B). Final extracts measured 25 ml. 


used, the period of incubation being 4 hr. The control was treated with 1 ml. of 
water and 50 mg. of the sodium acetoacetate were added to it after the reaction 
had been stopped by the addition of alcohol. It is evident from the tracing that 
an increased synthesis of acetylcholine has occurred in the material containing 
the acetoacetate. It must be admitted that the effect is not large, probably 
corresponding to an increase of not more than 50% in yield, but similar results 
have been obtained in a number of experiments. In some of these the amount 
of acetoacetate used was reduced to 20 mg. and in others a shorter period of 
incubation of 2 hr. was employed. In all cases, however, the response of the 
leech muscle was increased by the addition. 


DiscussIon 


The first isolation of acetylcholine from animal material was that of Dale & 
Dudley [1929] who obtained it from the spleen of the horse. As this result 
demonstrated conclusively that acetylcholine occurs in the animal organism it 
constituted, in our opinion, almost overwhelming evidence in favour of the view 
that the substance with identical physiological properties which is known to be 
present in nervous tissue is, in fact, acetylcholine. Certain authors have, how- 
ever, apparently accepted this conclusion with reservations, for the substance 
in question is sometimes referred to as a choline ester or as an acetylcholine-like 
substance. The caution, which has at times been exercised in this respect, is no 
doubt connected with the facts that the function of acetylcholine in the spleen is 
unknown and that its occurrence in this organ is apparently confined to un- 
gulates. The isolation of acetylcholine from mammalian nervous tissue, effected 
in the present investigation, must, we believe, finally remove any doubts of this 
kind which may have remained. 

It is, however, not so much the actual isolation of acetylcholine from ox 
brains which we wish to emphasize in connexion with our work, but the fact that 
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the material so isolated was produced in vitro. Mincing the brain tissue causes, 
as we have shown, a complete destruction of any acetylcholine which it may 
have contained. On incubation of this minced tissue, under the conditions we 
have described, acetylcholine is again formed. Its formation in this way has 
been repeatedly demonstrated by the action of extracts of the incubated material 
on the eserinized leech muscle, and this result has been finally confirmed by its 
isolation and chemical identification. The mechanism whereby the synthesis is 
effected is, presumably, enzymic in nature. The details of the process cannot, 
however, yet be regarded as elucidated, although our experiments are, we 
believe, not without importance in this connexion. Of the three hypothetical 
mechanisms which we have advanced to explain the synthesis, two have, in our 
opinion, been definitely excluded by our experiments. Neither sodium acetate 
nor sodium pyruvate, two of the hypothetical precursors, when added to our 
brain preparation, causes any increase in the production of acetylcholine. In 
the case of sodium pyruvate the effect is, on the contrary, to inhibit to a high 
degree the formation of acetylcholine which occurs in its absence, a behaviour 
which appears to establish quite conclusively that sodium pyruvate itself cannot 
act as a precursor. Our third hypothetical mechanism has, however, received 
some experimental support. The addition of sodium acetoacetate to a brain 
preparation causes an increased production of acetylcholine. Similar results 
have been obtained on a number of occasions, but the increased yield of the 
ester has, in all cases, been of the same order of magnitude as in the experiment 
quoted, namely, approximately 50%. We expected, when once the true pre- 
cursor was found, that it would be possible to increase the yield to a much 
greater degree than this. That we have been unable to do this with acetoacetate 
causes us, not to abandon the hypothesis that this substance is an actual pre- 
cursor, but rather to believe that some other factor, hitherto not considered, is 
also involved. For example, in the mechanism which we have outlined, it is 
clearly necessary for the acetoacetate to exist in the enolic form. If the enolic 
hydroxyl were esterified with, for instance, phosphoric acid, the enolic form 
would be stabilized and such an ester might conceivably represent the true 
precursor of acetylcholine. 

There is, however, another point which must not be overlooked. The limiting 
factor may be the precursor of the choline moiety of the molecule. We have 
provisionally assumed that this precursor is choline itself, although no evidence 
has been produced in support of this assumption. The addition of choline to our 
brain preparation has not resulted in any increased production of acetylcholine, 
but this result must to some extent be discounted for two reasons: such additions 
have, on account of the method of assay employed, been restricted to very small 
amounts, and these have not been much, if at all, greater than the quantity of 
free choline present in extracts from the incubated material to which no such 
addition had been made. That there is no deficiency of free choline in the 
incubated brain follows from the fact that we were able to isolate 50 times as 
much choline as of acetylcholine from such tissue. Nevertheless, it is possible 
that choline itself is not a precursor of acetylcholine but that, as we have sug- 
gested in connexion with acetoacetate, some derivative of it yields the choline 
directly to the second precursor. 

Some reference must, finally, be made to the experiments of Quastel et al. 
[1936]. The methods employed by these authors differ fundamentally from those 
which we have used. Whereas we have employed tissue which has been minced 
and thoroughly ground with chloroform, a process which doubtless destroys 
most, if not all, of the cells present, Quastel et al. have worked with brain slices, 
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which can be regarded as representing surviving tissue. Such discrepancies as 
have appeared between the results yielded by the two investigations can almost 
certainly be attributed to this difference in technique. The acceleration of the 
formation of the “choline-ester’’, which, in the light of our investigation, must 
now be regarded as acetylcholine, observed by Quastel et al. on the addition of, 
amongst other substances, glucose, pyruvic and lactic acids is quite contrary to 
our findings. The explanation of the discrepancy will, we believe, probably be 
found in the fact that the substances which increase the formation of acetyl- 
choline in surviving brain tissue also increase the metabolism of the tissue. 
While it is at present impossible to dogmatize on this matter, we are inclined 
to think that such substances, by the mere fact of increasing the metabolism 
of the brain tissue, or possibly by extending the period of its survival, may 
cause an increase in the rate of formation of acetylcholine without themselves 
contributing the actual precursors. 


SUMMARY 


Acetylcholine is produced in minced brain tissue when this material is 
incubated at 37° in the presence of eserine. By grinding the minced tissue with 
chloroform before incubation, the yield of acetylcholine is greatly increased. 
That the substance produced in vitro under these conditions is actually acetyl- 
choline has been shown, not only by its action on the eserinized leech muscle, 
but by its actual isolation as the double chloroplatinate of choline and acetyl- 
choline, from which acetylcholine chloroaurate was subsequently prepared. 

The above chloroform brain preparation has been considered suitable for 
investigating the mechanism of the biological formation of acetylcholine. Three 
hypothetical mechanisms for this synthesis have been formulated, involving 
respectively acetic, pyruvic and acetoacetic acids as precursors of the acetyl 
moiety of the molecule. Of these, the first two have been rejected, since sodium 
acetate is without influence on the production of acetylcholine in the chloroform 
brain preparation, while sodium pyruvate exercises a considerable inhibition on 
the process. Sodium acetoacetate, on the other hand, increases the yield of 
acetylcholine by approximately 50%; this substance, or one of its derivatives, 
is therefore provisionally considered to be a possible precursor. 


The expenses of this investigation have been met by grants from the Earl of 
Moray Research Fund for this University. 
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In a previous paper [Conway & Kane, 1934] the diffusion relations of a number 
of anions and of urea through tissues were studied. Using an equation which 
took account of the equilibrium value to which the diffusion tended, the same 
coefficient was found for 4 different anions—sulphate, chloride, phosphate and 
lactate—(at comparatively low concentrations) into or out of muscle, and for 
sulphate into or out of liver and kidney. This value of 6-0 x 10-5 (cm.?/min.) was 
shown to be independent of the degree of ‘‘ permeation” of the tissue, by which 
term was understood the amount per 100 g. of tissue water as a percentage of 
the external concentration. With low ‘‘permeation”, the interspace water or 
water between the tissue elements must account for a large fraction of this value 
and with a high “ permeation” it accounts for a comparatively small fraction. The 
interspace water must therefore have practically no influence on the diffusion 
rates through tissues and this is intelligible only if we suppose that it is locked off 
into compartments by tissue elements in contact with each other. That this is 
so would seem necessary when we consider that the diffusion rate through such 
water is ten times as fast as the total diffusion through the tissue. 

Such a view supposes that anions penetrate the tissue elements in muscle, 
and as against this much weight has been given to evidence of the following 
kind [e.g. Fenn, 1936]. The “‘permeation” of chloride in normal freshly excised 
muscle, with reference to the plasma chloride is only about 19%. It is held 
that the interspace water must account for most if not all of this figure. The 
interspace water of such an excised tissue may represent, however, only 9% or 
less of the whole tissue water. 

Also the potential changes of muscle in varying solutions seem at present 
more easily interpreted by assuming impermeability to anions and permeability 
to potassium but not to sodium [e.g. Mond & Netter, 1930; 1932]. The observed 
potentials are a net result of a complex series of events and can be differently 
interpreted. 

From the view that anions such as chloride enter only the interspace water, 
it is supposed that this water is open to free diffusion from outside and is 
therefore free for diffusion of anions and cations. Cations such as magnesium 
and sodium should enter here as fast as the chloride and sulphate anions with 
which they are associated. It is shown in the present communication that for 
magnesium this is far from being true. In about 15 min. chloride and sulphate 
have practically reached their full equilibrium value of 30-40% permeation, 
when the free magnesium cation “permeation” is only 10%. After 60 min. the 
magnesium value is about one-third of the chloride, when no change or a small 
increase of the muscle volume has taken place. Even with a marked diminution 
of volume due to a high concentration of magnesium chloride outside the value 
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is only about one-half of the chloride. On a basis of anion impermeability it 
would be impossible to account for these differences by any reference to diffusion 
rates in vitro. As given in the International Critical Tables (vol. 5) the diffusion 
coefficients of magnesium chloride and sodium chloride in vitro at 20° and 1 g. 
equiv. per |. are 6-72 x 10-* and 7-62 x 10-4 (cm.?/min.) respectively, and the 
observed diffusions will vary as the square root of these values. 

Some barrier exists for the magnesium which the chloride anion can pass 
much more freely and this must be the tissue membrane or substance. A certain 
fraction of diffusible anions exists therefore within the tissue with which the 
chloride anions can freely interchange. It is possible that the chloride and 
sulphate anions pass only through part of the muscle substance and this would 
make the interpretation of other facts somewhat simpler. It has been found here 
however, in a preliminary investigation of similar “‘permeations” in primitive 
cells such as yeast, that the samples so far examined show very close parallelism 
with muscle, and for such cells no question of interspace water arises for con- 
sideration. 

In relation to the chloride and magnesium diffusion it was also thought of 
interest to discover what equilibria might be reached on prolonged contact at 
low temperatures over many days with isolated sartorii at 2-3°. The results 
have been surprising, for whereas the magnesium diffusion is very much slower 
than the chloride it gradually reaches and passes the chloride equilibrium at 
about the fourth to the fifth hour and it finally reaches a “permeation” of 
about 100. The total magnesium is then far higher within the tissue than outside, 
the excess being due to the bound magnesium, as will be shown. Of the 
26-8 mg. (mean value) magnesium per 100g. sartorius only 1-5 mg. are present 
as the ionized or diffusible substance. 


METHODS 


Experimental. The sartorii or other tissues used in the diffusion were pre- 
pared and weighed after suitable excision of extraneous tissue and drying of 
the surface, then immersed in Locke’s solution or such solution in which part 
of the sodium chloride was replaced by magnesium sulphate or chloride. Stirring 
was carried out by a continuous stream of oxygen which was previously bubbled 
through a magnesium carbonate-phosphate mixture, thereby carrying away 
carbon dioxide sufficient to maintain a constant pH in the tissue vessel with 
Locke’s or Ringer’s fluid of approximately 7-5. Blood, where examined, was 
obtained through a cannula in the aorta and urine from the frog’s bladder. 

Analytical. Magnesium. The tissue was dried in a platinum crucible and then 
ignited so that no charred particles remained. The residual inorganic material 
was taken up by 3 successive small volumes of dilute hydrochloric acid and the 
magnesium determined by the method described by Cruess-Callaghan [1935] 
in which the complex with 8-hydroxyquinoline is brominated with a known 
excess of bromine and this excess determined iodimetrically. In this method, 
using duplicates, quantities as low as 20) magnesium could be determined to 
within 7%. As a rule about 50-150) magnesium were analysed in duplicate 
with a standard deviation of approximately 2. 

Chloride. The chloride was determined according to a method previously 
published [Conway, 1935], involving the oxidation of the chloride to chlorine in 
the protein filtrate and its determination iodimetrically. The chloride in a single 
sartorius of the frog can be determined by this method to within a few per cent. 
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RESULTS 
(1) The distribution of magnesium in tissues 


In Table I is given a summary of analyses carried out by the hydroxy- 
quinoline method on muscle, gland tissue and plasma of frogs (Rana temporaria). 
For the analyses of muscle and kidney 2-4 tissues were usually taken so that the 
amount of magnesium analysed lay, as a rule, in the region of 30-120y. The mean 


Table I. Distribution of magnesium in tissues of frog 


No. of Mean conc. s.p. of the single 
Tissue determinations mg./100 g. analysis 

Muscle (sartorius) 35 26-8 5-7 
Kidney 25 28-4 9-4 

Range 
(11-1-29-1) 
(15-1-15-4) 
(17-6-21:8) 

(3-9-2-2) 

(2-1, 1-5) 


Liver 
Stomach 
Heart 
Plasma 
Urine 


bo OO Or Or 


The plasma and urine figures are given per 100 ml. 


value for the kidney is somewhat higher than in muscle, being 28-4 mg./100 g. 
tissue as compared with 26-8 mg./100 g. The liver, stomach and heart values 
run somewhat lower. Particular attention may be drawn to the plasma value 
since the three results given were obtained from three 1 ml. volumes of plasma, 
perfectly clear and free from contamination by haemoglobin. Each ml. plasma 
analysed represented a mixed fluid from 6 to 8 frogs and gave 2-9 mg./100 ml. as 


an average of the three determinations. The two urine determinations (2-1 and 
1-5 mg./100 ml.) were also carried out on 1 ml. volumes collected from a number 
of frogs of the same consignment from which the blood was taken. 


(2) Long period (1-7 days) magnesium equilibria at 2-3° 


From these long period equilibria it becomes certain that of the mean 
26-8 mg./100 g. sartorius, by far the greater part is unionized and indiffusible. 
In the first experimental series the muscles (2 or 3) were immersed in 25 ml. of 
magnesium-free Ringer in a stoppered Erlenmeyer flask as a unit group for 
each analysis. The companion sartorii were in many instances grouped and 
analysed directly. The results are given in Table II. From the table it appears 
that the muscle retains about 80% of its magnesium up to the fifth day. After 
this a marked fall sets in and the greater part of the magnesium is lost about 
the seventh day. When the four long period immersions (24-28 hr.), for which 
there are also analyses for the companion tissues are considered, only a mean 
value of 1-4 mg. out of the original 24-7 mg./100 g. tissue have diffused out. 
While the long retention is being maintained the muscle is in fact freely per- 
meable to the magnesium cation as is shown by the following experiments. 

In these the technique of the first was repeated except that the Ringer now 
contained 20 or 40 mg. magnesium per 100 ml. The results are given in Table II. 
The average from 6 experiments with 20 mg./100 ml. external magnesium with 
immersions ranging from 1 to 5 days is 37-9 mg./100 g. of the muscle after 
immersion. Expressed as mg./100 g. tissue water this is 47-8 mg. (The tissue 
water is calculated throughout on the basis that in 100 g. of the original or 
freshly excised muscle there are 80 g. of water, and that no appreciable weight 
of solids is lost on immersion.) The indiffusible magnesium from 8 experiments 
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Table II. Magnesium in sartorii after long period immersions at 2—3° 


Magnesium in 
Weight of Magnesium immersed tissues 
immersed in oo A —— 
Duration of sartorii companion mg./100 g. 
Fluid for immersion after and tissues of tissue 
immersion hr. before (mg.) mg./100 g._ mg./100 g. water 
Locke’s solution 24 168, 160 25- 21-9 28-4 
24 257, 244 a 14-3 18-1 
25 250, 243 23-1 29-0 
25 338, 308 23-0 29-6 
28 243, 231 27-0 26-4 33-5 
28 243, 231 . 26-0 33-0 
49 274, 277 17-7 22-1 
116 320, 300 18-0 22-9 
143 288, 308 17-9 
143 257, 281 12-1 
144 217, 206 21-6 12-1 
144 208, 198 19-8 11-6 
167 281, 310 — 5-2 
Mean up to 116 hr. 21- 
Mean change of weight 5 


o/ 
oO 


Locke’s solution contain- 2: 250, 255 — 37-5 
ing 20 mg./100 ml. Mg 2: 335, 322 — 36-9 
added as sulphate 26 297, 288 23-9 34-7 43-6 
284, 276 29-8 36-9 46-6 
252, 236 - 36-8 46-7 
307, 296 44-8 56-6 
Mean value 37°9 47°8 
Locke’s solution contain- 2 137, 116 27°3 37-9 49-6 
ing 40 mg./100 ml. Mg 2 140, 123 32-2 53-6 69-4 
132, 114 31- 46-4 60-6 
213, 184 36-6 54:3 70-7 
137, 118 39- 50-8 66-2 
127, 106 Zé 50-0 65-8 
102, 109 26- 48-6 59-8 
83, 90 3l1- 54-4 66-7 


Mean value 49-5 «63-6 


was 27-1 mg./100 g. of tissue water, therefore 20-8 were present as the magnesium 
cation which gives a “‘ permeation” of 104 with respect to the outside fluid. With 
the 8 experiments where 40 mg./100 ml. magnesium were present in the external 
fluid the mean value for 1-5 days was 63-6 mg./100 g. tissue water (Table IT). 
Subtracting as above the bound magnesium, 36-5 mg. free magnesium cation are 
present in 100 g. tissue water reaching therefore a “‘ permeation” of 91. It is clear 
therefore from these experiments that when 80-90% of the total magnesium 
is retained in the absence of external magnesium, the muscle is at the same time 
freely permeable to the magnesium cation, which reachesa full “‘ permeation”. The 
retained magnesium is bound in a complex probably of an organic type. The 
amount of this bound magnesium has a mean value of 22 + 1-0 mg./100 g. muscle. 

Apart from the question of the bound magnesium it might be thought that 
at the same time the muscle membrane had become freely permeable to all ions 
over this period and that it resembled entirely dead tissue. While such an idea 
does not affect the determination of the bound magnesium as above, it is a fact 
that the muscle membrane is behaving in a selective and surprisingly constant 
manner, as may be seen from the next section giving the chloride equilibria 
over similar long periods. (In Fig. 1 the ‘‘ permeation” of the two ions is shown 
for several days immersion.) 
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(3) Long period (1-7 days) chloride equilibria at 2-3° 


The long period chloride equilibria were investigated like those of magnesium. 
Groups of sartorii were immersed in Ringer solution containing 0-6 % NaCl. This 
Ringer solution was varied by the introduction of 20 mg. magnesium per 100 ml. 


Table III. Chloride “‘permeations”’ in long period sartorit immersions at 2-3° 


Time of Weights before and Chloride in 

Solution for immersion after immersion immersed tissue 

immersions hr. mg. “permeation” 
Mg-Ringer 19 221, 216 39-8 
a 19 219, 196 45-6 
Ringer 24 147, 138 37-9 
Mg-Ringer 24 195, 178 35°8 
Ringer 72 177, 178 38-4 
Mg-Ringer 72 143, 135 50-6 
Ringer 96 117, 102 73-4 
Mg-Ringer 96 133, 12! 79-5 
Ringer {44 118, 93 93-2 
Mg-Ringer 144 148, 118 89-4 

The magnesium-Ringer solution for 19 hr. immersion contained 200 mg. Mg/100 ml., the other 

magnesium-Ringer solutions contained 20 mg. Mg/100 ml. and 0-39 mg. Cl/100 ml. 





Magnesium ion 


Chloride ion 
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Fig. 1. “‘Permeations”’ of chloride and magnesium after long period immersions in Ringer and 
magnesium-Ringer solutions at 2-3°. The magnesium- Ringer contained 20 or 40 mg. Mg/100ml. 
The free magnesium already present in the muscle is taken as 1-4 mg./100 g. giving a mean 
“permeation” at zero time of 6% with respect to an external fluid of 30 mg. Mg/100 ml. 


and in one set by introducing 200 mg./100 ml., the sodium chloride being reduced 
to 0:2%. The magnesium was introduced to see if it had any effect on the 
chloride equilibria compared with that for the ordinary Ringer solution. The 
results as given in Table III show that up to the fourth day of immersion there 
is no significant change from a mean chloride “ permeation” of 41 % , though this 
is a little higher than the ‘‘ permeation ”’ after only 1 hr. under similar conditions, 
which is 36%. After 4 days’ immersion the barrier to full chloride ** permeation” 
breaks down, the value after 6 days approaching 100% (see also Fig. 1). 


(4) Short period (0-60 min.) magnesium and chloride muscle diffusion 
at room temperature 


In these experiments the tissues were kept continually stirred with an 


oxygen-carbon dioxide current. The results of short period chloride diffusions 
have been already described in a previous communication [Conway & Kane, 
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1934]. The external chloride then used was 0-74% NaCl. Here the effect of 
magnesium on the equilibrium was examined and the effect of varying the 
chloride so as to produce rather marked changes in the water content. In 
Fig. 2 the rate of chloride entrance and equilibrium is given mainly from previous 
data [Conway & Kane, 1934], the external chloride being 0-74°% NaCl. The 
large circles represent the means of experiments carried out with the present 
series, with high external magnesium (120-200 mg./100 ml.) sodium chloride 
being suitably reduced to maintain the same or similar osmotic pressure. The 
equilibrium as will be seen, is reached in about 15 min. and the magnesium has 
no appreciable effect on the equilibrium value, just as it has no effect on the 
long period equilibria. 
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Fig. 2. “‘ Permeations” of chloride and magnesium ions for the sartorii after immersions up to 
90 min. The chloride curve is drawn from previous data [Conway & Kane, 1934]. The free 
magnesium in the muscle at zero time is taken as 1-4 mg./100 g., or a “‘permeation”’ of 0-9% 
with respect to the external 200 mg. Mg/100 ml. The chloride begins with a “ permeation”’ of 
approximately 10% with respect to the external Ringer solution used (0-7% NaC). 








The short period magnesium diffusion is markedly different from the chloride, 
being very much slower. In 15, 30 and 60 min. the chloride “ permeations” are 
35, 36 and 36% (these figures differing slightly with change of tissue water as 
shown below). By contrast the magnesium entrance from an external 200 
mg./100 ml. magnesium-Ringer solution and per 100 g. tissue water is only 10, 
12 and 13 % of the external magnesium (see Table IV and Fig. 2). The total free 
magnesium in the muscle can at most only exceed this by a few per cent, since 
even after a few days’ immersion only about 1-5 mg. magnesium per 100 g. 
tissue have diffused out into magnesium-free Ringer and for a group of 4 experi- 
ments in which the companion tissues were also analysed, only 1-4 mg./100 g. 
diffused. This latter figure represents only 0-7 %, of the magnesium in an external 
200 mg./100 ml. solution. It is obvious therefore that if the chloride existed 
only in the interspace water over three times the observed magnesium should 
have diffused inwards. If the magnesium be taken as entering the tissue sub- 
stance the discrepancy becomes all the greater. In Fig. 2 the permeations of the 
ionized magnesium are given for 200 mg./100 ml. in the external solution, 1-4 mg. 
being considered already present in 100 g. of immersed tissue. 

In one group of experiments the magnesium entered in somewhat greater 
proportions, the percentage of the external fluid in the tissue water being 21 % 
after 60 min. In these experiments a mean 14% reduction of tissue volume 
occurred due to immersing the tissue in a hypertonic solution containing 
magnesium chloride and sodium chloride, the magnesium being 194 mg./100 ml. 
and the chloride ion 640 mg./100 ml. (see Table IV). The chloride “‘ permeation” 
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Table IV. Short period magnesium diffusions into and out 
of the frog’s sartorii 


Increase of 
magnesium 


Weights of 


immersed 
tissues 


content of 
immersed 


Magnesium 
tissues 


content of 


Increase of 
magnesium 
in tissue 


water as % 
of external 
magnesium 


before and 
after 
mg. 
242, 243 
175, 190 
228, 245 
203, 210 
221, 240 
209, 216 
235, — 
187, 167 
156, 134 


mg./100 g. 
original 
tissue 


companion 
tissues 
mg./100 g. 


Period of 
immersion 
min. 

3-7 
7-5 
15-0 
20-0 
30-0 
75-0 
280-0 
17-0 
60-0 


No. 
of 


exps. 


External 
fluid 
Mg-Ringer (Mg 
200 mg./100 ml. 
added as sulphate) 


20-8 “f 55 
7-6 
10-2 
9-7 
11-6 
13-4 


_ 
S bo 
bh 


Woo IO bo Oo DO Oo DOYS 
bh POR UA 


ww ON Ree 
Cnt Wor 


Mg-Ringer (Mg. 
194 mg./100 ml. 
added as chloride) 


_s 
ao 


-1-0 
-3-5 
(-1-4) 


294, 301 


292, 
(228. 


Ringer solution 4 14-0 


without magnesium 6 30-0 

(4) (1560-0) 

The bracketed figures at bottom of table give a summary of 4 long-period equilibria for 
comparison. 


217) (24-7) 


after 60 min. was 39% so that the magnesium after 1 hr. had entered to the 
extent of only 54% of the chloride present. These figures with marked water 
loss are not entered in Fig. 2. 


(5) Chloride equilibria and change of tissue water in 
the sartorius 


In Fig. 3 the chloride equilibria expressed as “‘permeations” are plotted 
against the changes of tissue water produced by solutions of varying tonicity. 
The 60 min. periods were taken for observa- 
tion and the external chloride in the Ringer 
varied from about 0-5 to 0-9% NaCl (some 
of the solutions contained magnesium). Less 
than 0-5°% NaCl with potassium and cal- 
cium in the usual Ringer concentrations 
seemed to damage the normal permeability 
of the tissue. The line through the points 
indicates that a given percentage increase 
in the tissue water causes a corresponding 
fall in the “‘ permeation” and vice versa. The 





Chloride “ permeation”? (°%) 


720. +100 ~-10 


permeation expressed with respect to 100 g. 
of the original tissue water remains con- 
stant, and for chloride is 33-5 °% . The inde- 


Change of tissue water (°%) 


Fig. 3. Percentage change in tissue water 
of sartorii against chloride “permea- 


pendence of the “permeation” to changes _ tion” after 60 min. immersion. 

in the tissue water when expressed in 100 g. 

of the original tissue water is easily interpreted if we suppose the chloride 
interchanging largely with diffusible anions within the tissue cells, since the 
total quantity of these would presumably be unaffected by the water changes. 
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DIscusSsION 


The main points of interest in the present communication are firstly the 
markedly different rates of penetration of the excised muscle of the frog by 
magnesium and chloride ions, then the curious features of the long period 
equilibrium at 2-3°, whereby the bound magnesium can be determined. The long 
period equilibria at low temperatures show conclusively that of the mean value 
of 26-8 mg. in 100 g. of the muscle only about 1-5 mg. are free as the magnesium 
cation. The muscle retains its bound magnesium up to 5 days’ immersion at 
low temperatures, but even in 24 hr. free magnesium cation enters from outside 
to a full 100% equilibrium with the external concentration. 

When the fresh muscle is immersed in magnesium-Ringer solution containing 
200 mg. magnesium per 100 ml. this enters at a much slower rate than chloride. 
After 60 min. only 13% of the 200 mg. have entered per 100 g. tissue water, the 
total free magnesium present representing 14%. By contrast chloride enters to 
a “permeation” value of 36%, this figure varying somewhat with the changes of 
tissue water, and is 33-5°% when no change of this water occurs. The contrast 
of these figures shows that some differential barrier must exist to the magnesium 
entrance and this is of course the tissue membrane. 

The anions such as chloride which enter the tissue substance exchange there 
no doubt with other diffusible anions. This anion exchange in the excised tissue 
is accompanied by a slower but more complete cation interchange in what we 
may regard as a slowly dying tissue. The barrier to complete “permeation” of 
the anions is maintained for several days at a rather constant figure of about 
40%. This we could explain on the ground that the greater part of the anion 
content of the tissue substance is colloidal, though short of further data under 
similar conditions for the other cations a further theoretical interpretation is 
scarcely warranted. 

In connexion with anion penetration, notice may be taken of Fenn’s sug- 
gestion [1936] that lactic acid may come out of the excised muscle entirely as 
the free lactic acid. This, we think, is impossible. In the excised muscle lactic 
acid formed by previous stimulation, must exist in by far the greater proportion 
within the tissue elements. Considering that the dissociation constant of lactic 
acid is 10-385 (at 25°), at a pH of 7-2 the concentration of undissociated lactic 
acid to the total present is approximately 1 : 2200, and even at pH 6-85, the 
proportion is 1 : 1000. Lactic acid without reference to its ionization diffuses 
out of muscle after stimulation at a rate expressed by 6-0 x 10-*> (cm.?/min.) 
[Eggleton et al. 1928] (this holds at least up to 100 mg./100g.). Such a coefficient 
is one-tenth that of the in vitro diffusion, but if the substance is diffusing from 
a concentration about 1/2000 part of the total present, obviously its calculated 
diffusion rate would represent an impossible figure. The lactic acid diffusion 
from excised muscle forms in itself a clear demonstration of anion penetration 
through the tissue elements. 

Once the lactic acid has diffused from the excised muscle into an external 
Ringer fluid, its equilibrium concentration with that in the tissue [Ghaffar, 
1935] would appear to follow the general anion relationship [Conway & 
Kane, 1934]. From this we may suppose that in the interspace water before 
diffusion it tends to a higher concentration than within the cells, though it 
would be unprofitable to consider how much of the total acd is here accom- 
modated, without a more exact knowledge of the true volume of this interspace 
water. From the present and previous findings [Conway & Kane, 1934] this 
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water would appear to be locked off into compartments by the tissue elements 
in contact, and is probably of the order of 10% or less of the whole tissue 
water. 


SUMMARY 


1. The magnesium content of the frog’s sartorius—as determined by the 
hydroxyquinoline method is 26-8+0-6 mg./100 g. (35 determinations). The 
average magnesium after 1-5 days’ immersion in magnesium-free Ringer solution 
at 2-3°, is 22-3+1-0 mg./100 g. original tissue (8 determinations). For 4 experi- 
ments where the companion tissues were directly analysed, the muscles only lost 
1-4 mg./100 g. after 1 day’s immersion. 

The magnesium in frog plasma was found to be 2-9 mg./100 ml. (from 3 
different 1 ml. samples of haemoglobin-free and mixed plasma). The corre- 
sponding urine concentration was 1-8 mg./100 ml. Values for other tissues are 
given in the text. 

2. Over the long period of retention of the bound magnesium, ionized 
magnesium enters freely, reaching a “permeation” of approximately 100 in 
24 hr., the total magnesium being then much higher than in the external fluid. 

3. For short period immersions at room temperature magnesium enters the 
frog’s sartorius at a much slower rate than chloride, the ‘‘ permeation ”’ of the free 
magnesium being only one-third to one-half that of the chloride after 90 min., 
although a full ** permeation”’ for chloride is practically reached in 15 min. From 
this it may be concluded that other evidence apart, the chloride “‘space”’ cannot 
be merely the interspace between the tissue elements with free diffusion therein 
of external electrolytes. 

4. When there is no change in the volume of the immersed sartorii the “per- 
meation ” of the chloride is 33-5. When volume changes occur the “* permeation” 
value alters in an inverse proportion to the change in tissue water. Magnesium 
has no influence on the chloride “permeation ”’. 
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Tue value of spectrographic analysis applied to the identification and to some 
extent the estimation of elements present in small amounts or traces in biological 
material has been emphasized of recent years [Gerlach & Gerlach, 1934; Ramage, 
1929; 1933]. Dental tissues with their high proportion of mineral matter are 
obviously suitable material for spectrum analysis. Howe [1926] stated that such 
analysis would be profitable. Ramage & Fox [1931] included human teeth in 
the list of organs studied, but did not report much detail of the results, which were 
obtained by the use of an oxy-coal gas flame. They found a low Mg, a considerable 
Na and very much lower K content, a trace of Fe, but more Cu. Bossevain & Drea 
[1933] made spectrograms of teeth for finding their fluorine content." 

The results to be recorded here, a preliminary account of which was given to 
the British Empire Dental Meeting in July 1936 [Lowater & Murray, 1936], 
form part of a general investigation into the chemical constitution of dental 
tissues [Bowes & Murray, 1935, 2]. By means of the spectrographic analysis it 
was hoped among other things to deal with the following points: 

(1) to verify or refute the results of chemical analysis; 

(2) to identify the presence of “‘trace’”’ elements and to give particular con- 
sideration, for reasons to be discussed below, to certain elements, namely, F, Cl, 
K, Fe, Cu and Zn; 

(3) to make an exhaustive analysis of sound human enamel and dentine, the 
results of which would act as a basis for comparison with other human teeth and the 
teeth of animals, in particular of dogs, because of their high immunity to caries; 

(4) to analyse “‘mottled teeth”; 

(5) to show the influence of feeding low concentrations of sodium fluoride on 
the composition of rats’ teeth. 

Preparation of the material. The details for the preparation of the enamel and 
dentine have been described previously [Bowes & Murray, 1935, 1]. 

Spectrographic method. The spectrographic analyses were carried out by 
means of a quartz spectrograph (Hilger E 2) and a glass Littrow instrument. 
Spectrograms from the former cover a range of wave-lengths 2100-5200 A.; 
those from the latter the range 3800-6200 A. Within these ranges charac- 
teristic sensitive lines or bands of all known elements and compounds lie. A 
specimen to be analysed was placed on the positive pole of a carbon are and 
its spectrum photographed as the central strip of the spectrogram. Above the 
central strip was photographed the spectrum of iron, which served as a means 
of determination of the wave-lengths of the lines in the specimen and hence 
enabled the elements present to be identified. Below was photographed the 
spectrum of the carbon arc, for the identification of its lines and bands which 

1 After the completion of this work Drea [1936] published qualitative results on human teeth 
which agree in most respects with the results reported here. 
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also appeared in the spectrum of the specimen on the central strip. In order to 
facilitate the detection of zinc in the specimens, minute pieces of it were placed 
on the carbon are used for a comparison spectrum. In these cases very few 
lines other than those of zinc appeared. The prints in Plate V are enlargements 
of some of the spectrograms, magnified about four times. 

Enamel and dentine are known to contain a high percentage of calcium 
phosphate; in the carbon are this substance is decomposed and the products 
appear in the spectrum as P and PO and as Ca and CaO. Certain specimens 
contained F and Cl which appear, in the spectroscopist’s terminology, as 
diatomic charged molecules CaF and CaCl. 

The results obtained were mainly qualitative. (A full record of the elements 
and groups identified is given in Table Ia.) The comparison of the amounts of 
the different elements or groups in any specimen can only be made by assigning 
symbols such as “‘very strong”’, “‘strong”’, “‘present’’, ‘“weak”’, ““very weak”, 
“trace’’, and “possible trace”. The elements listed ‘‘present”’’ represent a group 
with great variations. The terms ‘“‘weak”’ and ‘“‘very weak” are applied to lines 
of low levels of energy but not limited to the lowest, e.g. K by lines 4044 A. and 
4047 A. The distinction between “‘weak’’ and “‘very weak”’ indicates that the 
lines are fainter in the latter case. The words “trace” and “possible trace” 
indicate that the substance is represented only by the most sensitive lines, those 
due to the lowest energy levels, e.g. Zn by the line 2138 A. Table Ia gives the 
results in this form. Marked differences in the strengths of the lines or bands 
enabled a rough grading of the relative amounts of any particular element or 
group in the different specimens to be made. These results are given in Table IB 
where an attempt kas been made to give an idea of the relative abundance of 
individual elements in the different samples. The figures in a horizontal row 
correlate the amount of an element in the different samples. The figures for one 
element bear no relationship to those for any other element. These estimates 
could not be made satisfactorily for the last five elements in the table, because 
they were present as impurities in the carbon are and because the intensities of 
their lines in the spectrum of the arc alone differed little from those of their lines in 
the spectrum of the specimen in the carbon arc, except forthe Fe lines in rats’ teeth. 

With the exception of two short regions where nothing additional is revealed, 
a complete spectrogram of non-carious human enamel of good structure is 
shown in Plate V, and should be considered as the standard for comparison. In 
order to compare the other specimens, differences, qualitative or quantitative, 
between these and the above standard only are mentioned in the text. Throughout, 
the possible significance of the spectrographic findings has been briefly indicated. 

Human enamel. The absence of K from the enamel and dentine of the teeth 
described above is to be noted. The presence of traces of F and Cl identified as 
CaF, and CaCl, verified the chemical results. Many of the other elements found 
to be present have already been recognized in tissues generally [Ramage, 1934]; 
for example, Fe, Cu, Mn and Ni. 

It is believed that the general occurrence of Ti and V has not been recognized 
before. The latter element is of particular interest since it has been established 
beyond doubt that the tooth substance belongs to the apatite series and that 
vanadium can substitute in the apatite molecule [Saupe, 1934-35]. 

Human dentine. Dentine showed a greater Mg content than the enamel of the 
same teeth. This confirmed previous chemical determinations [Murray, 1936]. 

Dogs’ dentine. It proved difficult to collect sufficient enamel from the dogs’ 
teeth but comparison of dog’s dentine with human dentine showed practically 


no differences. 
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Human mottled teeth. Enamel and dentine of mottled’ teeth from Maldon, 
Essex, were analysed with special reference to fluorine. By comparison the 
Maldon enamel and dentine both showed greater F. contents than London 
enamel and dentine. It must, however, be emphasized how very small is the 
concentration of this element even in mottled teeth. It is hoped that this 
observation and other work done recently on the question of F in teeth [Bossevain 
& Drea, 1933; Bowes & Murray, 1935, 1, 2], will correct the view, still put 
forward in dental and biochemical literature, that fluorine as CaF, is anessential 
and considerable constituent of dental tissues. It was not found in dog’s dentine. 
The presence of relatively considerable amounts of Ag and Sn in the Maldon 
enamel may be due to contamination with tooth-filling materials. A limited 
number only of these Maldon mottled teeth were available and by using sound 
parts of the teeth we had hoped to avoid such an occurrence. This contamination 
was ruled out in all the other specimens. 

Maldon water residue. This was obtained by evaporation of the water to 
dryness after the addition of CaO to prevent loss of fluorine. The strength of the 
Ca lines is due in part to this added Ca. The notable points are the presence of 
fluorine (actually the water contained 5 parts per million fluorine), the strength 
of the Na lines (the water was brackish), and the considerable intensity of the Sr 
lines. 
Rats’ teeth. Control and fluorine-fed rats. In dealing with the rats’ teeth there 
was a different object in view. Only the incisor teeth were used. These are teeth 
of persistent growth. The pulp cavity contents were removed as well as possible. 
The teeth were heated, in which process the enamel with pigmented surface 
layer separated itself in small pieces from the rest of the tooth. The two parts, 
the enamel with the pigment and the dentine, were separately examined. 


Spectra were taken of the teeth of control rats and of rats given NaF for 
6 weeks, incorporated into the diet by moistening it with 0-05°% NaF in the 
proportion of 1 ml. to 1 g. of dry ingredients. The daily amount of NaF was 
7 mg. per rat per day. Probably not all of this was absorbed. The increase in the 
intensity of the CaF band was the most noticeable difference between the two 
groups of rats’ teeth (see Plate V). It is of interest to note that the values for the 
fluorine contents of the various specimens determined chemically were: 


Control rats. NaF-fed rats 
London E and D Maldon E and D Whole incisor Whole incisor 
0-0-025 % 0-032-0-073 % 0-0:02% 0-2% 


Table I gives the corresponding spectrograph record. The loss of the normal 
pigmentation of the teeth is the first sign of chronic fluorosis. The normal 
pigment is inorganic and by qualitative tests appeared to be an iron derivative. 
Loss of pigment also occurs on iron-free diets and under other conditions, 


Table IT 


Enamel and pigment layer only Dentine 


— — — A —__________ 


sl ‘ 
Normal Fluoride- 


Wave-length of Fe Normal Fluoride- 
fed rats 


line examined rat fed rats rat 
2343 and 2348 A. 4 
2406 and 2410 A. 4 3 
2625 A. group 4 3 
2912 A. 4 3 
3059 A. 4 3 
Nos. 1, 2, 3, 4 indicate the order of intensity of the lines, 1 the weakest, 4 the strongest. These 
results emphasize the greater iron content of the pigmented enamel of rats’ teeth as compared with 
the dentine, and the loss of iron from both enamel and dentine in chronic fluorosis. 
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including lack of vitamin A. The spectrograms showed the different iron contents 
of the enamel and dentine of the teeth from the control and NaF-fed rats. The 
results are listed in Table IT. 

Zinc in teeth. Recently the physiological significance of zinc has been con- 
sidered from different aspects [Hart & Elvehjem, 1936]. Bones contain a higher 
concentration of zine than other tissues, the amounts determined chemically 
were [Lutz, 1926] 0-0126% and [Drinker et al. 1927] 0-0227%. This led 
Cruickshank [1936] to consider the Zn content of teeth. He found that enamel 
contained 0-025 % Zn. 

It was with some difficulty that Zn was identified spectrographically in 
teeth. Using the line 2138-61 A. Zn was found as a trace in all human specimens. 
By comparison with the spectra given by Ca,(PO,), to which small measured 
graded amounts of Zn had been added, the teeth specimens were found to contain 
between 0-01 and 0-005 % of Zn. 

SUMMARY 


Spectrograms of human enamel and dentine, dog dentine and rats’ teeth, 
cov is the ranges 2100-6200 A. were obtained and analysed to identify “‘trace 
elements’. Special consideration was given to the identification of fluorine, and 
the specimens analysed included “‘ mottled teeth’ from Maldon, Essex, and teeth 
of fluoride-fed rats. 

2. In addition to the major constituents known to exist in dental tissues the + 
following elements were found in all specimens; Na, Ag, Pb, Sr, Ba, Cr, Sn, Zr, 
Mn, Ti, Ni, V, Al, Si, B, Cu and Fe. 

3. Fluorine was not found in the dog or rat specimens; there was a * < possiilis 
trace” in the London human s specimens, a definite trace in the human “mottled 
teeth and a considerable amount in the teeth of fluoride-fed rats. Xe 

4. Potassium was not found generally but was present in enamel and dentine: 
of “‘mottled teeth” and in the fluoride-fed rats’ teeth. 

5. Diminution of the Fe content was noted in the enamel and dentine of the 
fluoride-fed rats. 

6. An attempt has been made to grade roughly the amount of different 
elements in the specimens and further to assess relatively the amount of a 
particular element in the different specimens. 


The expenses of this work were, in part, defrayed by a grant from the 
Medical Research Council, for which thanks are recorded. 
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DurinG the past few years an ever-increasing literature has developed regarding 
the thyrotropic action of the anterior lobe of the pituitary body, but so far no 
standardized unit of activity [cf. Junkmann & Schoeller, 1932; Loeser, 1932; 
Schoedel, 1933; Anderson & Collip, 1934; Rowlands & Parkes, 1934; Stimmel 
et al. 1936] or method of extraction of the gland has been generally adopted. 

The hormone is soluble in water and potent extracts have been obtained by 
numerous workers [Loeb & Bassett, 1929; 1930; Loeser, 1932; Junkmann & 
Schoeller, 1932; Anderson & Collip, 1934; Rowlands & Parkes, 1934; Greep, 
1935; see Junkmann, 1936], the initial stage of extraction involving the use of 
either acid, alkaline or neutral aqueous media. According to Mueller [1934], the 
thyrotropic hormone may best be extracted at pH 12-7, but he used only one 
extraction in his comparative experiments and a limited number of test animals. 
Junkmann & Schoeller [1932], on the other hand, comment on the instability of 
the hormone in alkaline solution. In our experience, the later purification of the 
hormone is facilitated by slightly acidic conditions, which render centrifuging 
easier, while contamination with soluble protein is less, and the. recovery of 
hormone, after three such extractions, undiminished. Further purification has 
usually involved precipitation with alcohol or acetone, with or without pre- 
liminary removal of protein, followed by treatment with methanol [Loeser, 
1932], or 50% pyridine [Rowlands & Parkes, 1934]. Anderson & Collip [1934], 
working with an evaporated extract, employed fractional precipitation with 
ammonium sulphate, alcohol and acetone; Junkmann & Schoeller stated, 
generally, that the hormone may be recovered from suitable precipitates 
(Junkmann [1936] favouring that obtained with picric acid), whilst Greep [1935] 
showed that it may be separated from the follicle-stimulating hormone by pre- 
cipitation with benzoic acid. 

In the method described in the present communication, concentration by 
evaporation has been eliminated, and the use of organic solvents reduced to a 
minimum. Most of the protein has been first removed by precipitation with 
salicylsulphonic acid, in dilute solution, and although this results in a loss of a 
proportion of the hormone, the residue may be rapidly and conveniently recovered 
in a concentrated form in the ensuing stages. 


Method of preparation 


Ox pituitary glands! were used throughout this series of experiments. 
Within half an hour of the death of the animals the heads were opened and the 
glands removed and placed in a refrigerator at about —11°. As soon as the 

1 We desire to express our thanks to the Metropolitan Meat Industry Commissioner, Sydney, 
and to Messrs Burroughs, Wellcome Co. (Aust.), Ltd., for their kindness in donating and facilitating, 
respectively, supplies of pituitary glands. 

Biochem. 1937 xxxI ( 843 ) 53 

















844 C. G. LAMBIE AND V. M. TRIKOJUS 


glands were frozen solid they were removed from the abattoirs and taken to the 
laboratory, where they were dissected and minced without delay, the glands 
being kept solid in the refrigerator until the moment of dissecting. After 
mincing, the material was dehydrated with acetone, using a total of 1300 ml. of 
acetone per 100g. of mince, in three separate washings. The acetone was 
filtered off, final traces being removed in a vacuum desiccator and the dried 
material then powdered in a coffee-mill. 

In a typical experiment, the dry milled powder (100 g.) was extracted at 0° 
with 1500, 500 and 400 ml. of acetic acid (0-5 %) for 24, 12 and 12 hr. respectively. 
The liquors were separated by centrifuging and totalled about 21. They were 
kept cool and then treated gradually with salicylsulphonic acid (20%) until a 
test portion gave no further precipitate; 40-60 ml. of salicylsulphonic acid 
solution were usually sufficient. The precipitate of protein was centrifuged off and 
rejected. To the acid liquor, sodium tungstate (10°%)—ca. 30 ml.—was added 
slowly with shaking. The copious precipitate containing the active principle was 
centrifuged and washed with water (100 ml.). After an hour or so the main bulk 
of the liquor could be removed by siphoning before centrifuging. The precipitate, 
when dried, weighed about 45g. Drying was usually omitted and the pre- 
cipitate dissolved immediately in aqueous NaOH (0-1%), enough being added 
to give a faint pink colour with phenolphthalein. Removal of tungstic acid was 
achieved by precipitation with aqueous BaCl, (7/20) and Ba(OH), (N/2-5), the 
latter being added to preserve a slightly alkaline reaction. The centrifuged 
precipitate of barium tungstate was washed with water, which was added to the 
liquor, and the excess of Ba removed from the latter with Na,SO, (17/20). Slow 
addition to the liquor of ethyl alcoholic benzoic acid (25 ml. of a solution con- 
taining 3g. in 9 ml.), with vigorous stirring, then caused the formation of a 
heavy precipitate which was centrifuged and washed, first with water, then twice 
with acetone (200 and 100 ml.), to remove excess of benzoic acid and finally with 
alcohol and ether. A white powder was thus obtained weighing, when dry, about 
2-5 g. (A). This, in doses of 1 mg. per day for 2 days caused marked hypertrophy 
and hyperplasia of the thyroid glands of guinea-pigs when injected in suspension 
intraperitoneally. At this stage, the precipitated hormone was insoluble in 
water, and it was further purified and rendered soluble as follows. 

The substance was dissolved in water (25-30 ml.) containing 2V NH,OH 
(2 ml.) and was centrifuged from a small quantity of insoluble material. The 
addition of acetone (10 vol.) caused only a faint turbidity, even after 12 hr. at 
0°, and centrifuging gave only a few mg. of precipitate, which was discarded. 
The addition of alcoholic benzoic acid (2 ml.) to the aqueous acetone solution, 
however, brought down a copious precipitate, which was now almost completely 
soluble in distilled water (70 ml.). From this solution the hormone was thrown 
down with acetone (35 ml.) as a white amorphous precipitate, which after drying 
yielded a white powder (B), about 1-6 g. This powder was readily and completely 
soluble in water. A further purification by dissolving in water and precipitating 
with acetone does not appear to be necessary. It is interesting to note, however, 
that the hormone (B) now required, for complete precipitation, the addition of 
10 vol. of acetone, yielding a white powder (C) weighing 1-4 g. when dry. 


Properties 

The final product (C) is very readily soluble in water and causes a definite 
change in the thyroids of 150-200 g. guinea-pigs in doses as low as 0-1 mg. spread 
over 2 days [cf. Junkmann & Schoeller, 1932]. It is free of gonadotropic activity 
as tested on four immature female rats in doses up to 1 mg. per day for 3 days 
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[vide Fevold & Meyer, 1934]. It gives a precipitate, in concentrated solutions, 
with salicylsulphonie acid. 

The products (B) and (C) have been kept at 0° for 12 months without loss of 
activity or solubility. Various authors have commented on the insolubility of 
the hormone in concentrated organic solvents. However, if the above products 
(B) and (C) be triturated with acetone containing a trace of aqueous ammonia, 
centrifuged, and then dissolved in the minimum quantity of water, the addition 
of acetone up to 100 vol. does not cause a precipitate after 48 hours. The 
addition of a small quantity of alcoholic benzoic acid or a trace of an inorganic 
salt, however, brings about a complete precipitation. 

The hormone (C) has been readily tolerated, under clinical conditions, when 
injected in doses up to 200 mg. (2000 units) per week. 


Notes on method of preparation 


(1) The salicylsulphonic acid precipitate (about 7 g.) contains a proportion of the hormone 
which was not recovered. Doses of 50 mg. for 2 days (injected intraperitoneally in suspension) 
gave a positive thyroid response. Probably at least 10% of the hormone is thus discarded, but the 
recovery of the residue appears to be quantitative. 

(2) A second precipitation from the liquor with tungstic acid gave a product devoid of activity, 
even in large doses, so that the one treatment appears to be sufficient. Moreover, the liquors 
obtained after prior treatment with tungstic acid yielded inactive residues on evaporation 


in vacuo. 
(3) Alkaline extraction (0-1% NaOH) yielded 0-44 g. from 15 g. of acetone-dried powder at 


stage (A). If the alkaline extract was first acidified with acetic acid a copious, high!ty coloured 
protein precipitate was obtained which was practically free of thyrotropic activity. Further 
precipitation with salicylsulphonic acid gave a liquor which could be treated, as outlined above, 


with sodium tungstate. 

(4) Various workers have criticized the histological changes in the guinea-pig’s thyroid as un- 
reliable evidence of the thyrotropic activity of pituitary extract, but we agree with Junkmann & 
Schoeller [1932], Loeser [1932] and Greep [1935] that, with experience, an approximately quanti- 
tative expression of the activities of varying extracts may be obtained in comparative experiments. 
We have always used duplicate guinea-pigs, weighing 150-200 g., as test animals, these being 
injected intraperitoneally for 2 days and killed upon the third. The degree of response of the 
guinea-pig was graded according to: 

(i) character of epithelium, whether flattened, cubical, semi-columnar or columnar; 
(ii) presence of hyperplasia; 
(iii) absorption of colloid. 

The first of these may be taken as the most reliable index, although some vacuolation of colloid 
was taken as indicative of slight activity before obvious changes in the epithelium occurred. Only 
when definite changes in the epithelium were observed was the reaction taken as positive. 


Behaviour towards heat 


It is usually considered that the thyrotropic principle is destroyed by heat 
when in aqueous solution. Krichesky [1934], however, using tadpoles as 
experimental animals, considers the hormone to be heat-stable. 

In order to determine the behaviour of the thyrotropic hormone to heat, the 
following experiments were carried out. Extracts were made from fresh and 
dried glands, both by heating and in the cold, and the extracts were injected into 
guinea-pigs intraperitoneally. The histological appearance of the thyroid gland 
gave an index of the stability of the hormone to heat. 

Extract I. To 10g. of fresh minced pituitary gland was added acetic acid 
(0-5 °% , 40 ml.) and the mixture heated at 100° for 30 min. The extract was passed 
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through a Seitz filter, collected in ampoules and maintained at 0° until injection, 
as soon as possible after extraction. 

Extract Ia. To 10g. of fresh minced gland was added acetic acid (05%, 
40 ml.), and the mixture kept at 0° for 20 hr. with occasional shaking. The 
extract was passed through a Seitz filter as above. 

Extract II. To 2 g. of acetone-dried powder was added acetic acid (05%, 
40 ml.), and the mixture heated at 100° for 30 min. It was filtered and collected 
as above. 

Extract IIa. To 2g. of acetone-dried gland powder was added aeetic acid 
(0-5%, 40 ml.), and the mixture kept at 0° for 20 hr., with occasional shaking, 
and filtered and collected as above. 

Extract III. To 7-5mg. of purified hormone (C) was added acetic acid 
(0-5 %, 7-5 ml.), and the mixture heated at 100° for 30 min. When cool, this was 
used for injection after adjusting to about pH 8. 

Extract IIIa. 2-5 mg. of purified hormone (C) were dissolved in 2-5 ml. of 
isotonic saline and used for injection. 

Extract IIIb. From extract III a precipitate formed on heating. This 
precipitate was suspended in 2 ml. of saline, and 1 ml. was used for the injection 
of each of two guinea-pigs. 

In every case 1 ml. of the extract or suspension was used for injection of the 
guinea-pigs on each of two consecutive days; the animals were killed on the third 
day. Extracts III, IIIa and IIIb were made fresh on each occasion; the others 
were kept at 0° for the duration of the experiment. 


Resulis 


Extract I A+(+) 
Extract Ia 

Extract IT 

Extract Ila 

Extract IIT 

Extract IIa 

Extract 11d 

Controls 


N.B. Each letter represents one guinea-pig. +sign indicates an approximate unit of activity 
of the extract; (+) sign indicates a doubtful unit; — sign denotes inactivity. 


From these results it is concluded that under the above experimental condi- 
tions the hormone, either in the fresh or dried glands or, when purified, is almost 
entirely destroyed by heat. The question whether a separate metamorphic 
thermostable factor really exists [cf. Spaul, 1930; Uhlenhuth & Schwarzbach, 
1935] as well as the mammalian principle, seems to render a series of comparative 
experiments on both guinea-pigs and tadpoles or axolotls highly desirable. 


SUMMARY 


1. A method is described for the rapid recovery of thyrotropic hormone from 
its aqueous extracts. 
2. The behaviour of solutions of the hormone towards heat is examined. 


We wish to thank Miss M. J. Spruson, Assistant Biochemist, and Mr M. J. 
Morrissey and Mr W. J. Ellis, Technical Assistants, for their help in this work. 
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Ir is still disputed whether calcium is excreted by the large intestine. The 
balance of opinion seemed until recently to have favoured the view that 
elimination of Ca through the wall of the colon does occur, and that at least in 
some species of animals it can play an important part in the regulation of Ca 
metabolism. Three years ago, however, Nicolaysen [1934] published results of 
experiments on dogs which led him to conclude that Ca is not excreted by the 
colon. Welch et al. [1936] and Johnson [1937] have lately concluded from obser- 
vations on human beings with isolated colons that the wall of the human colon 
eliminated little or no Ca. In the light of such evidence Leitch [1937] stated in a 
recent review: “it has been shown...that excretion of calcium into the gut 
does not occur’’. A useful account of the earlier work on this subject will be 
found in the paper by Nicolaysen [1934], and it is not proposed to cover this 
ground again. The purpose of the present paper is to show that excretion of Ca 
into the large intestine does take place in the rabbit. 

The experiments about to be described arose from observations on rabbits in 
which severe skeletal decalcification followed the production of chronic renal 
insufficiency by repeated injections of uranium nitrate. When Ca balances were 
carried out on such animals it was found that the amount of Ca lost from the 
body during a given period often exceeded the amount of Ca excreted in the 
urine (Table I). 


Table I. Ca balances on rabbits with damaged kidneys 


Period mg. Ca 
No. of of exp. 
rabbit days Food Faeces Urine Balance 
156 12 814 1252 24 — 462 
156 10 550 873 19 —342 
160 10 927 1056 36 — 165 
182 10 607 926 49 — 368 


The only possible interpretation of such results seemed to be that Ca mobilized 
from the skeleton was being excreted into some part of the alimentary tract and 
eliminated with the faeces. 

From time to time individual pellets from these animals were analysed for 
Ca and the chance observation was made that the concentration of Ca in pellets 
passed at any given time varied inversely with the size of the pellets; e.g. a 
pellet of dry wt. 0-126 g. contained 9-3 mg. Ca per g., while one weighing 0-075 g. 
contained 11-1 mg. Ca per g. A possible explanation for such differences was 
that Ca was being excreted into the formed pellets so that the greater the relative 
surface of the pellets in contact with the wall of the colon, the greater would be 
the final concentration of Ca. It was therefore decided to determine the Ca 
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contents of individual pellets and of samples of unformed faecal material taken 
from different positions in the intestine of normal rabbits to see whether evidence 
could be obtained that Ca was really being added to the faecal contents in some 
portion of the colon. 







DETAILS OF EXPERIMENTS 


Rabbits were kept on diets of more or less constant composition for varying 
periods before they were killed. Samples of the faecal contents were removed 
from various points along the intestine, weighed, dried in a vacuum desiccator 
and weighed again. 

A few points must here be noted regarding the structure and functions of different parts of the 
rabbit’s large intestine. The caecum usually contains pasty material with a water content of 
70-75%. Its contents pass down to an obviously sacculated portion of colon which extends for 
some 6-10 in., at the lower end of which cylinders of faecal material begin to be formed, the 
water content remaining unchanged. Below this portion the colon loses its sacculations and 
for some 4-6 in. becomes a smooth thick-walled tube which will be referred to in this paper as the 
thick-walled colon. In this part of the colon the characteristic rounded pellets are moulded before 
any appreciable absorption of water has taken place. Lower down, the colon maintains its 
smooth external appearance, but the wall is thinner and during the whole of its course of 3 ft. or 
more water absorption takes place from the pellets, so that in the region of the anus these contain 
as a rule some 45% of water. It was found that the comparatively short thick-walled colon, and 
to a less extent the lower part of the sacculated colon, were responsible for any excretion of Ca 
which occurred in the large intestine. 


For the analyses the faecal material was ashed dry in quartz dishes, usually 
with the help of a drop of HNO,. The ash was dissolved in 2 ml. of 1% HCl 
and made up to a known volume. Ca was precipitated from an aliquot portion 
with 4% ammonium oxalate. The precipitate was washed with NH,OH and 
titrated with KMn0O, as in Clark & Collip’s [1925] procedure for estimating 
serum Ca. Total P was estimated in some of the samples by the method of 
Neumann [1902]. 

The criterion used for deciding that excretion of Ca had occurred was the 
finding of a greater concentration of Ca in dried faecal material taken from the 
lower portions of the large intestine than in that taken from the upper portions. 
Such changes in Ca concentration must obviously be interpreted with caution. 
The possible effects of water exchanges and of the exchange of solid matter other 
than Ca between the faeces and the wall of the colon must be taken into account. 
These will be considered in the discussion of the results. 





























RESULTS 





In the earlier experiments the Ca content of faecal samples was determined 
in material taken from points along the whole length of the large intestine. 
Fig. 1 represents in diagrammatic form a result obtained in a rabbit kept pre- 
viously on a diet of rather low Ca content. 

Numerous similar observations were made, in none of which was there any 
constant indication of an increase in the concentration of Ca below the lower end 
of the thick-walled colon. In later experiments, therefore, the concentration of 
Ca was determined as a rule only in samples taken from the lower end of the 
ileum, the middle of the caecum, the middle of the sacculated colon, the lower 
end of the thick-walled colon and the lower end of the rectum, near the anus. 

Table II gives the results obtained from rabbits kept on a diet of whole oats 
and bran with 20 g. cabbage a day. 
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There is in each case a slight increase in the concentration of Ca from 
samples near the anus when compared with that in samples from the caecum 
or sacculated colon, though the increase is too small to be accepted as proof that 


Qeum 





5:5 mg. Ca. per g. 77% HO. 
ceglon Thick-walled colon 









Calcium: mg. per g. 


dried matter 60 62 6°8 7:5 8-2 78 7-8 
Percentage of water 75 75 75 76 74 63 57 


5 7-8 


7 44 


’ 
4 
- 


Fig. 1. Diagram illustrating the parts of the rabbit’s colon referred to in the text and showing 
typical concentrations of Ca and water in faecal material from a rabbit previously kept on 


a rather low Ca diet. 


Table IT. Ca concentrations in faecal samples from rabbits 
on a mainly cereal diet 


mg. Ca per g. dried matter 








c 


No. of Sacculated Thick-walled 

rabbit Tleum Caecum colon colon Anus 
195 — 2-6 2-8 3-2 3°3 
202 2-9 5-1 58 6-9 7-1 
227 1-9 5-1 5-6 6-1 6-4 
191 — 4:8 5-6 6-5 7-4 


any significant excretion had taken place. The experiment was repeated with 
rabbits which had been given a diet containing 80% soy flour with cereals and 


20 g. cabbage a day (Table ITI). 


Table III. Ca concentrations in faecal samples from rabbits 
on a diet containing soy flour 


mg. Ca per g. dried matter 





cr 


No. of Sacculated Thick-walled 

rabbit Tleum Caecum colon colon Anus 
192 — 6-1 9-2 10-5 12-2 
205 8-9 5-9 8-9 12-5 12-7 


These figures suggest that Ca may have been added to the faecal material 
as it passed from caecum to anus. If such an addition were to represent a true 
excretion it might be expected that it would be most easily demonstrated when 
there was the greatest amount of Ca in the body to be eliminated. It was possible, 
for example, that excretion by this route might be influenced by the height of 
the serum Ca, which is notoriously variable in the case of the rabbit. It was 
decided to investigate the effect of a meal of cabbage on the concentration of 
Ca in faecal material at different levels in the intestine, for after such a meal the 
serum Ca reaches levels of 16-20 mg. per 100 ml., or even more. Only the outer 
green leaves containing high concentrations of Ca [Cowell, 1932] were given 


(Table IV). 
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Table IV. Concentrations of Ca in faecal samples after a meal of cabbage 


mg. Ca per g. dried matter 
cabededendetditeiniiaipnitation 





Hours Sac- Thick- 
No. of after Serum Ca culated walled 
rabbit meal mg./100 ml. Tleum Caecum colon colon Anus 
N.3 1 18-5 22-5 5-0 3-2 55 6-5 
N. 2 1 16-7 39-0 12-7 17-4 11-7 11-1 
N.1 2 21-0 — 9-3 11-9 14-7 10-0 
N. 4 2 16-3 9-5 10-1 10-2 14-1 6-3 
207 3 17-7 77 9-9 9-5 13-3 13-5 
219 3 16-9 9-3 4-6 5:3 7-0 3-0 
206 5 19-0 9-6 9-8 12-2 15-5 8-6 
N. 5* 5 13-4 7-0 9-8 18-4 21-8 10-5 
N. 67 24 19-8 15-0 24-6 23-0 46-2 23-9 
N. 77 2 23-0 20-9 33-0 39-3 48-6 45-6 


* N.5 was under urethane during the latter part of this period. 
7 N. 6 and N.7 were given as much cabbage as they would eat during the whole 24 hr. 


One hour after the meal of cabbage there was little addition of Ca to the 
faecal contents in N. 3. The sharp rise in the concentration of Ca in the sacculated 
colon of N. 2 may have been due to the admixture of material from the ileum, 
though even when material from this latter situation has a high Ca concentration 
it is rare for the concentration in the upper part of the sacculated colon to be 
appreciably higher than that in the caecum, as would be expected if the contents 
of the ileum normally passed directly down into the sacculated colon before the 
absorption of its excess of Ca had taken place. Two hours after the meal there 
was a definite increase in the concentration of Ca in the material from the thick- 
walled colon in both animals, with no increase in the material from the sacculated 
colon in N. 4 and a slight increase in material from this region in N. 1. The serum 
Ca was at about the same level 2 hr. after the beginning of the meal as | hr. after. 
At 3 hr. there was evidence of increased concentration of Ca in both animals, 
most marked in material from the thick-walled colon. Rabbit N. 5 had had its 
colon incised under anaesthesia and the exceptionally large increase in the con- 
centration of Ca in the region of the sacculated colon may have been due to 
stagnation of faecal contents here. The great difference in the concentrations of 
Ca near the anus in rabbits N. 6 and N. 7 was almost certainly due to differences 
in the rates of evacuation of pellets from the rectum. 

The effect of the previous diet on the response to a meal of green cabbage 
was examined in two rabbits (Table V). 


Table V. Effect of previous diet on Ca concentrations in faecal samples 
after a.meal of cabbage 


mg. Ca per g. dried matter 





—-* ‘\ 
Hours Serum Sac- Thick- 
No. of Previous after Ca culated walled 
rabbit diet meal mg./100ml. ITleum Caecum _ colon colon Anus 
220 Low Ca 33 16-3 11-7 5-6 4:7 9-3 4-4 
3 weeks 
217 High Ca 3} 20-4 17-2 18-7 18-2 32-6 23-6 
11 days 


The low Ca diet consisted of equal parts by weight of whole oats and bran 
with 20g. aetiolated cabbage. The high Ca diet contained the same cereal 
mixture with 150 g. green cabbage containing 350-500 mg. Ca per 100 g. In each 
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case there was a considerable increase in the concentration of Ca in material 
from the thick-walled colon, though the levels in the caecum and sacculated 
colon were very different in the two animals. 

The pellets taken from the thick-walled colon in which they are moulded 
have a smooth, moist surface and appear almost as if they are coated with a 
pellicle. If this outer shell is removed and analysed, it is found to contain a 
considerably higher concentration of Ca than the central portion, as in the 
following examples (Table VI). 


Table VI. Concentrations of Ca in the outer and inner portions 


of faecal pellets 
mg. Ca per g. dried material 
Hours Thick-walled 
No. of after Sacculated colon whole Thick-walled colon Thick-walled colon 
rabbit cabbage colon pellet outer shell inner portion 
206 5 11-5 15-5 16-7; 18-9 11-8; 11-5 
207 3 9-5 13-2 16-8; 18-4 9:9; 9-5 


In both cases Ca appears to have been added to the faecal material as it 
passed from the sacculated to the thick-walled colon. Duplicate estimations of 
the Ca in the outer shells did not agree very well on account of the difficulty in 
separating the same thickness of covering from different pellets, but in every case 
they gave higher concentrations of Ca than the inner portions. The fact that the 
inner portions contained in both cases practically the same concentration of Ca 
as the contents of the sacculated colon suggests that Ca excreted by the wall of 
the colon is deposited in an insoluble form on the surface of the pellets. It can 
readily be shown that dilute alkali extracts practically none of the Ca from 
faecal pellets, whereas dilute acids extract it readily. In some of the animals 
examined, appreciable quantities of a clear fluid were found in the lumen of the 
thick-walled colon. This fluid was found to have an alkaline reaction, its pH, 
measured without precautions to avoid loss of CO,, being 8-5-9. The Ca contents 
of two samples of this fluid were 8 and 11 mg. per 100 ml. respectively. 

The concentration of total P was followed in the faecal material from different 
situations in the intestine in some of the rabbits. In general, there was either a 
slight continuous fall from caecum to anus or the maintenance of a fairly constant 
level, as illustrated in Table VII. 


Table VII. Concentrations of total P in faecal samples 
mg. P per g. dried matter 


fa oa 

Sac- Thick- 

No. of culated walled 
rabbit Previous diet Ileum Caecum colon colon Anus 
195 Low Ca _ 13-5 9-9 4-9 3-7 
202 Cereal + 50 g. cabbage 8-7 20-2 21-9 18-2 17-0 
205 Soy flour (high P) 12-1 22-3 22-8 23-9 21-7 
207 Cabbage meal 3 hr. before 9-2 19-3 -- 17-3 16-2 
N.1 Cabbage meal 2 hr. before _ 17-8 — 17-3 — 
N.3 Cabbage meal 1 hr. before 11-6 12-3 —_ 11-3 8-2 


Estimations of total P in the outer shell and inner portion of individual 
pellets gave the same kind of results as had been obtained for Ca, suggesting 
that insoluble calcium phosphate had been deposited on the surface of the 
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pellets. There seems to be no reason why absorption of soluble phosphate should 
not proceed simultaneously with the deposition of insoluble calcium phosphate 
on the surface of the pellet. 


DIscussIoNn 


The evidence just presented indicates that under certain conditions the con- 
centration of Ca per g. of dried faecal matter increases as the faeces pass along 
the upper part of the large intestine of the rabbit. Before this can be accepted 
as proof that actual excretion of Ca has taken place, possible changes in the 
concentration of other faecal constituents must be considered which might 
account for an apparent increase in Ca concentration without there having been 
any actual addition of Ca to the faeces. Changes in the water content of the 
faeces need not be seriously considered. The absorption of water does not take 
place to any significant extent until that part of the colon has been reached in 
which as a rule there is no further apparent increase in the concentration of Ca. 
Moreover, Ca determinations have always been made on dried material. The 
absorption of faecal matter other than water might produce the observed 
increase in the concentration of Ca, but this is extremely unlikely for the fol- 
lowing reasons. In some of the experiments the concentration of Ca in pellets 
from the thick-walled colon was twice as great as that in material from the 
sacculated colon. It would be necessary to assume that one half by weight of 
the dry faecal matter discarded by the caecum disappeared in passing along the 
few inches of colon between these points in order to explain the doubling of the 
concentration of Ca along these lines. The apparent increase in the concentration 
of Ca occurs most noticeably in the thick-walled colon, often after the faeces 
have already been moulded into pellets. The fact that these freshly moulded 
pellets have a smooth, glazed surface makes it most improbable that any con- 
siderable part of the faecal material is absorbed after this stage of pellet formation 
has been reached. In some of the experiments there was no increase in the 
apparent concentration of Ca. If any considerable absorption of solid faecal 
material took place in the upper part of the colon in these cases, it would have 
to be assumed that a corresponding degree of absorption of Ca occurred in the 
same situation to account for the maintenance of a steady concentration of Ca. 
This seems most unlikely in view of the insolubility of faecal Ca at, or on the 
alkaline side of, neutrality. For these reasons it is believed that the apparent 
increases in the concentration of Ca in the upper part of the colon do in fact 
represent actual additions of Ca to the faeces, and if this belief is justified there 
seems to be no alternative but to admit that Ca can be excreted by the large 
intestine of the rabbit. 

The magnitude of any increases which have been observed in the concen- 
tration of Ca in the faecal material presumably depended on the length of time 
it remained in the particular section of the colon which was excreting Ca, as 
well as on the activity of the excretory process. No information was obtained in 
these experiments concerning the rate of movement of the faeces along the 
colon. Varying rates of movement probably account for many of the irregularities 
found in the distribution of Ca in pellets taken from different situations in the 
colon. In general there was a distinct tendency for the concentration of Ca to 
remain fairly constant in pellets taken from any point below the thick-walled 
colon, provided that the rabbit had been on the same diet for several days pre- 
viously. This seems to indicate a certain degree of uniformity both in the rate of 
Ca excretion and in the rate of forward movement of the faecal matter in the 
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upper part of the colon. An attack of diarrhoea was found to produce large 
fluctuations in the concentration of Ca along the whole length of the colon. 

Little indication is given in these experiments of the physiological im- 
portance of the process of Ca excretion by the colon. It is not suggested that in 
the normal rabbit the colon is the preferential route for the elimination of Ca. 
A few hours after a meal of green cabbage the bladder of a rabbit may be dis- 
tended with urine from which a copious precipitate of Ca salts, probably largely 
bicarbonate, has already separated. For example, a rabbit on a cereal diet 
without cabbage passed urine containing 7-8-12 mg. Ca per 100 ml., while its 
faeces at this time contained from 2-5 to 4-5 mg. Ca per g. of dried matter. It 
was then given a daily supplement of 150 g. of green cabbage containing some 
700 mg. Ca. The Ca concentrations in dried pellets passed during the next 
4 days were 4-6, 14-1, 11-8 and 8-2 mg. per g., while the concentrations in corre- 
sponding samples of urine were 142, 188, 309 and 410 mg. per 100 ml. On the 
third day 340 mg. were eliminated in the urine. If in this rabbit Ca excretion 
by the colon had gone on at a similar rate to that observed in other rabbits 
given similar amounts of cabbage, it can be calculated that an abnormally 
large bulk of faeces would have to be passed to bring the excretion of Ca by the 
colon up to the level of the urinary excretion. On the other hand, the experi- 
ments reported in Table I on rabbits with damaged kidneys showed that under 
abnormal conditions excretion of Ca by way of the faeces could exceed the 
urinary excretion, though there was no proof in these animals that the Ca lost 
from the body was not derived from unabsorbed secretions arising in the upper 
part of the alimentary canal, as Nicolaysen [1934] found to be the case 
in dogs. 

The mechanisms controlling the excretion of Ca by the colon remain obscure. 
Reference to Table IV will show that there was no very close relation between the 
level of the serum Ca and the increase in the concentration of Ca in the faeces 
taken from the thick-walled colon. In one animal the serum Ca was raised to 
20 mg. per 100 ml. without producing any increase in the concentration of Ca in 
the contents of the colon. As a rule the excretion of Ca by the colon has been 
most apparent when the dietary supply of Ca has been greatest. Some indication 
of the state of saturation of the normal rabbit with Ca seems to be obtainable 
from a determination of the Ca concentration of the contents of the caecum. 
This may be brought by a purely cereal diet below the level of 3 mg. Ca per g. of 
dried matter, and under such conditions excretion of Ca by the colon has been 
negligible. Excretion of Ca by the colon has always been demonstrated so far in 
normal rabbits which have received a liberal supply of green cabbage. Attempts 
have been made to throw further light on the problem by examining the effect 
of vitamin D, parathormone, thyroxine, thyroidectomy and parenteral ad- 
ministration of salts of Ca and P on excretion of Ca by the colon. The results of 
these experiments will be reported in a future communication. 


SUMMARY 


1. The concentration of Ca in dried faecal pellets taken from a specialized 
portion of the colon where the pellets are moulded is under certain conditions 
greater than its concentration in dried material from the caecum and upper part 
of the sacculated colon. 

2. Higher concentrations of both Ca and P are found in the outer shells of 
faecal pellets than in the inner portions when a rabbit has received a mixed diet 
containing plenty of Ca. 








EXCRETION OF Ca IN THE RABBIT 855 


3. Reasons are given for interpreting these observations as evidence that Ca 
can be excreted by the upper part of the rabbit’s colon. 

4. The physiological significance of this excretion of Ca by the colon is 
briefly discussed. 


My thanks are due to the Medical Research Council for a grant which covered 
part of the expenses of this work. 
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THE oxidation of tyramine in the liver has been investigated in vivo by Ewins & 
Laidlaw [1910] and in vitro by Hare [1928] and Bernheim [1931]. The former 
workers found that in feeding and liver perfusion experiments tyramine dis- 
appeared and p-hydroxyphenylacetic acid could be recovered from the urine 
and perfusates. Hare and Bernheim, using the Barcroft and Warburg mano- 
metric techniques, studied the oxidation of tyramine by liver extracts and 
““suspensions”’. 

In the course of recent work I have made further observations which seemed 
to be of interest concerning the oxidation of tyramine and the general question 
of the investigation of tissue oxidations. 


















TECHNIQUE 





Measurement of oxygen uptake. The usual Barcroft technique was employed. 
All experiments were performed at 38°. The tyramine was added to the other 
reagents after temperature equilibration. When using tissue slices the tyramine 
was added direct and allowance was made, in considering the results, for 
oxidation occurring during the period of equilibration. The manometers and 
bottles were evacuated and filled with oxygen when slices were used. All 
experiments were done at least in duplicate. 

Liver preparations. The following types of liver preparations were made. 

(1) Slices were cut with a razor as soon as possible after removal of the liver 
from the animal and floated on Ringer’s solution. Just before beginning the 
experiment they were drained on filter paper, weighed on a torsion balance and 
quickly placed in phosphate buffer in the Barcroft bottles. About 100 mg. wet 
weight of slices were used in each bottle. 

(2) The rest of the liver was either minced and ground with sand in Ringer’s 
solution or was frozen solid under Ringer’s solution and then pounded up. This 
second method was always used latterly. The resulting pulp was then squeezed 
through muslin and centrifuged. The precipitate was suspended in phosphate 
buffer or was further washed with Ringer on the centrifuge. The supernatant 
fluid was generally discarded. 

(3) The pulp which came through the muslin (see (2) above) was treated 
with an equal volume of saturated (NH,),SO, and the precipitate filtered off and 
dried in vacuo. When dry this could be very finely powdered. 

(4) Minced liver was treated several times with acetone, sucked dry on a 
Biichner funnel, dried further in vacuo and finely powdered. 

Phosphate buffer. M/15 phosphate buffer of pH 7-4 was used throughout. 

Tyramine. Solutions were made up containing 20 mg. of free base per ml. 
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Ammonia was estimated according to Hare [1928]. Toluene was used <o 
prevent frothing (octyl alcohol affects Nessler’s reagent). The solutions were 
estimated colorimetrically against a standard solution of ammonium chloride. 


EXPERIMENTAL 


Activity of the enzyme. The activity of any preparation was defined as the O, 
uptake in pl. per 30 min. per mg. total N. The N was determined by the micro- 
Kjeldahl method on samples taken from the same preparations. It can be seen 
from Table I that the enzyme does not go into solution and that the activity of 
the washed debris is comparable with that of the slices. 


Table I. Activities of different fractions 


Preparation Activity 
Whole pulp 9-0 
Precipitate (after centrifuging x 1) 34:5 
Supernatant (after centrifuging x 1) 6-0 
Slices 34-0 
Activity = oxygen uptake in yl. per 30 min. per mg. N (total). These figures are the average 
of determinations on five livers. 


Oxygen uptake. Using apparently similar liver “suspensions” Bernheim 
found that under different defined conditions the oxygen equivalent of a given 





Oxygen uptake in yl. 


20 40 60 80 100 120 140 160 180 200 220 
Min. 


Fig. 1. Oxygen uptake curves of slices and “suspensions” of livers, in the presence of 2 mg. 
tyramine. ©—O©, x— x suspensions; o—o, ©—®©® slices. 


amount of tyramine (completely oxidized) could be 1, 2 or 4. I was not able to 
repeat these observations, possibly owing to the difficulty of rigidly defining 
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the conditions when the concentration and age of a liver suspension are important 
factors. 

On the other hand I found that on all occasions the oxygen uptake, in 
presence of tyramine, of my ‘‘suspensions”’ was twice that of liver slices and 
they always approached 2 and 1 equivalents respectively. Thus the oxygen 
uptake was for slices one atom O, per mol. tyramine, and for “suspensions” 
two atoms O, per mol. tyramine. 

The oxygen uptake, in the presence of 1-4 mg. tyramine, was followed to 
completion over a period of 3-4 hr., readings being taken every 10 min. at first 
and then at longer intervals. Typical curves are shown in Fig. 1. The oxygen 
uptake of the controls without added tyramine has been subtracted in each 
case. 
End product. Following the method described by Bernheim I isolated a small 
amount of p-hydroxyphenylacetic acid, after incubating liver “‘suspension” 
with tyramine. I also showed, in the following way, that during tyramine 
oxidation a compound having a carbonyl group (probably p-hydroxyphenyl- 
acetaldehyde) is formed. When oxidation was complete the contents of the 
Barcroft bottles were washed out, the protein precipitated with trichloroacetic 
acid and the filtrate tested with 2 : 4-dinitrophenylhydrazine. Both slices and 
suspensions gave a much more bulky precipitate after incubation with tyramine 
than did the controls. 

Deamination. Ammonia estimations were made on the contents of Barcroft 
bottles when oxidation was complete. 80-90% of the ammonia from the added 
tyramine was recovered from slices and suspensions alike. These results are shown 


in Table II. 
Table II. Deamination of tyramine 


1 mg. 2 mg. 3 mg. 


Tyramine 0 mg. Total — Total — Total — 
added control Total control Total control Total control Preparation 


0-294 0-178 0-397 0-278 Suspension 15 

* 16 

- II 

se IV 
Slices 


NH, found 01146 — — 
0-040 0-119 0-079 0-207 0-167 — 
0-060 — —_ 0-179 0-119 0-317 
0-048 0-141 0-093 0-236 0-188 
0-036 0-116 0-080 0-200 0-164 
0-015 0-080 0-065 0-180 0-165 
0-026 0-117 0-091 0-179 0-153 
0-020 0-106 0-086 0-173 0-153 


Se 
=I 


Average (suspensions) 0-085 0-163 
°% of theoretical 83% 80% 
Average (slices) 0-081 - 0-159 
% of theoretical 79-4% 78% 


%&> 


bles lll ll gl 


Ammonia is expressed as mg. of ammonia-N. 


Xanthine oxidase. In view of the presence of an aldehyde as an oxidation 
product I decided to test whether xanthine oxidase was concerned in its further 
oxidation to the corresponding acid. If the xanthine oxidase were for some 
reason able only to act in the suspensions and not in the slices, the different 
oxygen uptakes would be explained. I therefore added excess uric acid to both 
slices and suspensions in order to inhibit the xanthine oxidase [Dixon & Thurlow, 
1924]. The uric acid itself was strongly oxidized by the uricase present in liver. 
When this was allowed for I found that uric acid produced approximately 50% 
inhibition of the oxidation of tyramine by both slices and suspensions (see Fig. 2). 
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Morgan [1926] showed that there is no xanthine oxidase in rabbit kidney. 


Experiments on rabbit kidney “suspension” gave just the same type of oxygen 
uptake as did liver “‘suspension”, showing that the xanthine oxidase is not 


essential for the second stage of oxidation. 
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Fig. 2. Fig. 3. 


Fig. 2. The effect of uric acid on the oxygen uptake of slices and “suspensions”’ in the presence 
of 2 mg. tyramine. Uric acid added 10 mg. ©—O suspension; +—-+ suspension + uric 
acid; o—o slices; ©@—®@ slices + uric acid. 


Fig. 3. The effect of alcohol on the oxygen uptake of slices and “‘suspensions” in the presence of 
2mg. tyramine. Alcohol added 5mg. O©—O suspension; +—+ suspension +alcohol; 


aD 


o—o slices; ®—®© slices + alcohol. 


YY 


Coupled oxidation. Keilin & Hartree [1936] showed that during oxidation by 
oxidases H,O, is produced which, in the presence of catalase, can oxidize added 
alcohol. This process should just double the normal oxygen uptake. Krebs 
[1936] claims that haemoglobin can also undergo coupled oxidation. All my 
preparations contained haemoglobin so that it was possible that coupled oxida- 
tion, occurring in ‘‘suspensions” and not in slices, might account for the differ- 
ence in oxygen uptake. Added alcohol was, however, oxidized by both pre- 
parations only in presence of tyramine, whereas it would have had no effect if 
coupled oxidation were already occurring to any great extent (see Fig. 3). 

KCN inhibits catalase and consequently inhibits coupled oxidation by about 
50% when present in a concentration of 1/500 [Keilin & Hartree, 1936]. 
Oxidation of tyramine by slices and ‘‘suspensions”’ is not affected by KCN in a 
concentration of 7/300. 

Coupled oxidation of haemoglobin does take place to some extent in my liver 
preparations judging from the change in colour of the contents of the bottles 
with added tyramine during the course of the reaction. The extent of this 
oxidation is presumably too small seriously to affect the oxygen uptake. 

54 
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Influence of oxygen pressure. Substitution of oxygen for air in the mano- 
meters when using “suspensions” does not affect the final oxygen uptake, though 
it increases the rate of the reaction. The difference in oxygen pressure cannot, 
therefore, be responsible for the different types of oxidation of slices and 
“‘suspensions ”’. 

Redox indicators. Hare found that her liver preparations would not reduce 
methylene blue or 1-naphthol-2-sulphonate-2:6-dichloroindophenol in presence 
of tyramine, whilst dyes with a more positive potential were reduced too rapidly 
by liver alone to permit of any conclusions. I find that methylene blue and 
toluylene blue strongly inhibit tyramine oxidase; 0-5 ml. of 1/5000 methylene 
blue produces 80-100 % inhibition of the oxidation. No other dyes that I have 
tried (o-bromophenolindophenol, o-cresolindophenol, potassium indigodisul- 
phonate and phenosafranine) produce any inhibition. If the activity of the blank 
is lowered by washing the “‘suspension”’ 3-4 times on the centrifuge, o-bromo- 
phenolindophenol and o-cresolindophenol are rapidly reduced only in the 
presence of tyramine. Potassium indigodisulphonate and potassium indigo- 
tetrasulphonate are not reduced. From this we can conclude that the potential 
of the tyramine oxidase system lies between —0-046 and +0-195 V. 


CoNCLUSIONS 


Although my conditions differ from Bernheim’s I have confirmed the 
existence of two out of the three types of oxidation found by her. Further, I 
have produced evidence that xanthine oxidase is not concerned with any stage 
in the normal oxidation of tyramine. 

My observations also confirm her opinion that the enzyme is an aerobic 
oxidase (see classification of Green & Brosteaux [1936]). This is borne out by 
the demonstration of coupled oxidation and by the fact that redox dyes do not 
accelerate the aerobic oxidation by the enzyme. Ogston & Green [1935] found 
that methylene blue usually accelerated the aerobic oxidation by dehydrogenases 
by about 200%, whereas the respiration of oxidases was hardly affected. 

Although methylene blue is known to inhibit respiration in many normal 
tissues [Elliot & Baker, 1935; Dickens, 1936], liver is an exception and the 
inhibition shown here appears to be specific for the oxidation of tyramine. 

There are, however, several discrepancies between my own and previous 
observations. Using liver slices, I have always found an oxygen uptake of one 
atom of oxygen per mol. tyramine accompanied by almost complete deamination. 
This would suggest that tyramine has been oxidized to p-hydroxyphenylacet- 
aldehyde. Ewins & Laidlaw [1910] however recovered the corresponding acid 
after perfusing livers with tyramine; with liver ‘‘suspensions” and a similar 
oxygen uptake Hare [1928] obtained only a 50% yield of ammonia. There is 
therefore some agreement between perfusion and my “suspensions” with regard 
to the end product. Which of these treatments more nearly approaches normal 
conditions is a matter not easily decided. If the first product of oxidation is 
p-hydroxyphenylacetaldehyde, in slices this could dismute with no further oxygen 
uptake, to give the corresponding acid and alcohol, under the action of aldehyde 
mutase which is known to be present in liver; whereas when the cell structure 
is destroyed this reaction might be replaced by a further oxidation of the 
aldehyde at the expense of molecular oxygen. Without further separation of the 
enzymes involved it is very hard to see how more light can be thrown on this 
problem. 

Elliot & Schroeder [1934], using kidney cortex, found that mechanical 
destruction of the tissue structure greatly reduced its power to oxidize added 
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substrates and remarked on the danger of drawing conclusions from experiments 
on minced tissues only. In the case of tyramine and the liver, the converse 
phenomenon occurs, namely mechanical destruction doubles the total oxygen 
uptake though the initial rate of oxidation is hardly greater than with slices. 


SUMMARY 


1. The course of oxidation of tyramine in rabbit liver has been reinvestigated 
and some discrepancies with previous work noticed. 

2. The view of previous workers that tyramine oxidase is an aerobic oxidase 
has been substantiated. 

3. The enzyme is strongly inhibited by methylene blue. 

4. The redox potential of the system is between —0-046 and +0-195 V. 


I wish to thank Prof. R. A. Peters and Dr B. G. Maegraith for their interest 
in this work. 
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In our previous papers we studied the effect on the organs of castrated rats of 
testosterone propionate injected alone [Korenchevsky e¢ al. 1937, 2] and of 
A®-androstenediol injected alone and in combination with oestrone [Koren- 
chevsky et al. 1937, 1]. Since the different male and female sexual compounds 
may be present simultaneously in the organism, in this paper we investigated the 
effects produced by the addition of androstenediol or oestradiol to testosterone 
propionate on the weights of the organs of castrated rats. The histological results 
will be published elsewhere. 











Technique 





The general technique was the same as that used in the two papers mentioned 
above. 36 male rats, castrated before sexual maturity, were used for the 
experiment. The average final age was 127 days and the period of injection was 
19 consecutive days. 50y of testosterone propionate were injected 3 times a 
week, 30y of oestradiol were injected 4 times a week and 600y of androstenediol 
were injected daily. In selecting the doses the different strengths of action of 
the compounds on the sexual organs were taken into consideration in order that 
the results obtained might be clear and conclusive. The data obtained are sum- 
marized in Table I in which only the averages of the actual weights are given. 
All the organs examined in this experiment are included in the table. 














The effect of testosterone propionate injected simultaneously 
with A®-androstenediol 


Comparison of the figures in col. I with those in cols. II and III shows the 
effects of the injection of testosterone propionate and androstenediol alone. 

In our previous experiment [Korenchevsky et al. 1937, 2, Table I, p. 477] 
the smallest dose (167y daily) of testosterone propionate was not so small as that 
used in the present experiment, but the changes in the sexual organs, adrenals, 
thymus and gain in body weight were of the same kind though greater in 
degree. 

Since the dose of androstenediol used in the present experiment was the 
same as the larger dose (600y daily) used in the previous experiment [Koren- 
chevsky et al. 1937, 1, Table IIT, p. 471] these two results are comparable. The 
effects on the sexual organs were about the same in the two experiments, but 
there were some differences in the changes in the adrenals (effect less in the 
present experiment), the thymus (effect greater), the fat deposition (no decrease) 
and the gain in body weight (no decrease), which differences are probably 
explained by the considerable difference between the ages of the rats used in the 
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CO-OPERATIVE SEX HORMONE ACTIVITY 


Table I. Effect on castrated male rats of testosterone propionate injected 
alone or in combination with androstenediol or oestradiol 


I II Til IV V 
Rats injected per week with 









VI 






























Testo- Oestra- 
sterone diol 
propionate 120y + 
Testo- 150y+ testo- 
sterone Andro- andro- Oestra- sterone 
Control propionate stenediol  stenediol diol propionate 
Organ rats 150y 4200y 4200y 120y 150y 
Seminal vesicles (mg.) 12 113 40 196 40 141 
Prostate (mg.) 61 245 124 339 79 260 
Penis (mg.) 76 197 145 232 81 200 
Preputial glands (mg.) 57 111 128 172 71 93 
Adrenals (mg.) 80 67 71 69 94 88 
Thymus (mg.) 333 283 211 208 235 249 
Retroperitoneal fat (g.) 15-2 18-3 17-2 19-2 14-2 12-3 
Final body weight (g.) 324 355 337 370 305 296 
Gain (+) or loss (—) in +8 +28 +8 +20 —14 +1 
body weight (g.) 
No. of rats in group 7 7 5 6 5 6 






previous (69 days) and present experiments (127 days) and between the respective 
periods after castration when injections were started. 

The effect of simultaneous injections of testosterone propionate and andro- 
stenediol is shown in col. IV of Table I (present paper). These two hormones 
were found to have a co-operative action on the sexual organs, especially on the 
seminal vesicles, on which the effect was greater than would be given by sum- 
mation of the effects of the two hormones. 

An exactly similar kind of co-operation was previously noted in the case of 
testosterone and androstenedione [Korenchevsky et al. 1937, 1, p. 469, Table I, 
cols. VI, VIII and IX]. 













Effect of testosterone propionate injected simultaneously with oestradiol 





Sexual organs. With a dose of 120y of oestradiol per week the appetite of 
both male and female rats decreases, the gain in body weight is checked (e.g. 
col. V, Table I, present paper) and in some rats a fall in body weight may even 
be observed. Thus taking into consideration that approximately the maximum 
physiological effect on the sexual organs is obtained with such a dose of oestra- 
diol, this dose must be considered to be both large and on the limit of toxicity. 

The effects of oestradiol and oestrone on the sexual and other organs have 
already been described in our previous papers [Korenchevsky & Dennison, 1934, 
1, 2; 1935; Korenchevsky e¢ al. 1936]. The chief change consists in an increase 
in the weight of the seminal vesicles (and of the coagulating gland which is 
weighed together with the seminal vesicles). This increase is chiefly due to the 
growth of the fibrous and muscular tissue in these organs. The increase in weight 
of the prostate is small and, whilst the weights of the penis and preputial glands 
may increase slightly, in most cases these two organs show no constant change 
in weight [e.g. Korenchevsky e¢ al. 1936, Table IV, p. 565]. 

The effects of oestradiol shown in col. V of Table I in the present paper are 
in agreement with these observations. Whilst a definite increase in the weight 
of the seminal vesicles was obtained, the changes in the other sexual organs were 
small, especially when the variability in the weight of the preputial glands is 
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taken into consideration. This result is a striking contrast to effects of testo- 
sterone propionate (col. II) and androstenediol (col. III) both of which stimu- 
lated the development of all the sexual organs. The addition of oestradiol to 
testosterone propionate injections (col. VI) brought about a slight increase in the 
effect on the seminal vesicles, but no definite changes were seen in the effects on 
the other sexual organs (cf. cols. II and VI). 

The co-operative effect on the male sexual organs of oestrone or oestradiol 
with some of the other male hormones has also been shown in our earlier papers 
(androsterone [Korenchevsky et al. 1935]; transdehydroandrosterone [Koren- 
chevsky & Dennison, 1936]; testosterone [Korenchevsky e¢ al. 1936]; urinary 
hormone concentrates [Korenchevsky & Dennison, 1934, 2]). This co-operative 
effect of oestrone on the male sexual organs was not seen, however, with andro- 
stenedione and androstenediol in the doses used [Korenchevsky et al. 1937, 1]. 

Other organs. After the injection of oestradiol alone or in combination with 
testosterone propionate the adrenals were found to be larger (cols. V and VI) 
than those of the rats injected with testosterone propionate alone (col. II). 
We have already described a similar ‘‘oestrone” effect on adrenals in the case 
of the simultaneous injection of oestrone with androsterone, with androstene- 
dione and with androstenediol (see the papers mentioned above). 

There was also a slight increase in the rate of involution of the thymus and a 
decrease in the gain in body weight when oestradiol and testosterone propionate 
were injected simultaneously. We had previously observed these results after 
the simultaneous injection of oestrone with androsterone and with testosterone. 


SUMMARY 
1. Experiments were performed on 36 castrated rats belonging to 7 litters 


in order to examine the effects of simultaneous injection of testosterone pro- 
pionate with A>-androstenediol or oestradiol. 

2. Co-operative activity between testosterone propionate and androstenediol 
was seen in the effects on all the sexual organs and on the thymus. 

3. The addition of oestradiol to testosterone propionate, in the doses used, 
caused an increase in the weight of the seminal vesicles (slight) and of the 
adrenals (considerable), a decrease in the rate of involution of the thymus 
(slight) and in the gain in body weight (considerable). 

4. The results obtained were compared with those of our previous experi- 
ments in which the other sexual hormones were examined. 


Grants from the Medical Research Council and from the Lister Institute have 
enabled us to carry out this work and to them our thanks are due. We wish to 
express our gratitude to Prof. A. Girard for kindly supplying us with oestradiol 
and to Messrs Ciba Ltd., in particular to Dr K. Miescher, for the supply of testo- 
sterone propionate and androstenediol. 
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THE disproportionate falling off in the activity of the glucose dehydrogenase of 
washed suspensions of Bact. coli led to the discovery that a coenzyme is con- 
cerned in this reaction [Yudkin, 1933]. Evidence has been brought forward to 
show that this coenzyme is identical with the cozymase of yeast fermentation 
[Yudkin, 1934]. An investigation of the lactic acid dehydrogenase of suspensions 
of Bact. coli has shown that here, too, the dehydrogenation involves a coenzyme, 
which is also replaceable by cozymase. 











EXPERIMENTAL 





(1) Lactic dehydrogenase of cell suspensions 


The bacteria were grown for about 18 hr. on broth agar, the broth used 
being a tryptic digest of casein. Washed suspensions in distilled water were 
made in the usual way by centrifuging. The methylene blue technique as 
described in the previous papers was used for the estimation of the activity of 
the enzyme. As substrate for the lactic dehydrogenase 1 ml. N/10 sodium 
lactate was used in the vacuum tube. 

Preliminary experiments showed that dilution of the bacterial solution led 
to a disproportionate fall in the dehydrogenase activity. The addition of a 
suspension of heated bacteria (100° for 10 min.) increased the activity to the 
value calculable from the degree of dilution (Tables I and II). 














Table I. Existence of coenzyme of cellular lactic dehydrogenase 


Reduction 











time 

min. 
Bacteria >120 
Bacteria + lactate 10-5 
Bacteria diluted 1/4 + lactate 92 
Bacteria diluted 1/4 + heated bacteria +lactate 42 
Bacteria diluted 1/4 + heated bacteria >120 







The effect of the coenzyme (heated bacteria) on a series of dilutions is shown 
in Table II. The activity (reciprocal of the reduction time) for the undiluted 
suspension is given an arbitrary value of 100. It is seen that the product of 
activity and dilution, which should be constant on dilution, falls off rapidly unless 
the coenzyme is present. 

The concentration of the coenzyme necessary for the activation of the 
lactic dehydrogenase is of the same order as that necessary for the activation 
of glucose dehydrogenase (Table III). 
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Table Il. Effect of dilution on activity of cellular lactic dehydrogenase 
Each tube contains sodium lactate 


Without heated bacteria With heated bacteria 
Reduction Reduction 
Concentration time Activity x time Activity x 
of suspension min. dilution min. dilution 
5-25 100 -- 
10-5 100 10-5 100 
23 92 23 92 
38-5 81 30 105 
55 76 44 96 
77 68 51 103 
115 61 65 97 
165 49 79 92 
About 7 hr. (20) 110 . 95 
>7 hr. ? 135 93 
rs) 0 180 87 


Table III 


Each tube contains glucose (1) or sodium lactate (2) 
Reduction time (min.) 


a 
(1) (2) 
Glucose Lactic 
dehydrogenase dehydrogenase 


Bacterial suspension 37 100 
Bacterial suspension + 1 ml. heated bacteria 16-5 33 
Bacterial suspension + 0-3 ml. heated bacteria 15-5 33 
Bacterial suspension + 0-1 ml. heated bacteria 16 38 
Bacterial suspension + 0-03 ml. heated bacteria 31 82 


feed fd fd fed fet fed fed fed fd ft 
a a a a 
Whe Ke DORI 
ROoORWS ms 


As with glucose dehydrogenase, activation of the diluted cellular lactic 
dehydrogenase is brought about by cozymase (Table IV). 


Table IV. Cozymase as cellular lactic dehydrogenase coenzyme 


1 ml. cozymase contains about 30,000 ACo units 


Reduction time 
min. 


Bacterial suspension 80 
Bacterial suspension + heated bacteria 48 
Bacterial suspension + 1 ml. cozymase 46 
Bacterial suspension +0-1 ml. cozymase 47 
Bacterial suspension + 0-05 ml. cozymase 65 
Bacterial suspension + 0-03 ml. cozymase 80 


Each tube contains sodium lactate. 


It has already been shown [Yudkin, 1934] that preparations of heated 
bacteria are able to reactivate apozymase of yeast; that is, they contain co- 
zymase. It seems very probable therefore that the coenzyme of lactic dehydro- 
genase in Bact. coli suspensions, as that of glucose dehydrogenase, is identical 
with cozymase. 


(2) Soluble lactic dehydrogenase 


The cell-free preparation of lactic dehydrogenase was next investigated. The 
enzyme was prepared from washed suspensions of Bact. coli by the method 
described by Stephenson [1928]. The activity of the enzyme falls off slightly 
on dilution and the diluted enzyme is activated by the heated preparation, by 
a heated cell suspension and by cozymase (Table V). 
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Table V. Existence of coenzyme of soluble lactic dehydrogenase 





Each tube contains sodium lactate. 





Reduction time 
min. 











Soluble enzyme (“ preparation’’) 8 
Soluble enzyme + heated preparation 8 
Soluble enzyme diluted 1/8 120 
Soluble enzyme diluted 1/8 + heated preparation 56 
Soluble enzyme diluted 1/8 + heated bacteria 60 
Soluble enzyme diluted 1/8 + cozymase 62 






Control experiments showed that the effect of the heated preparation was 
not due to the presence in it of substances capable of acting as hydrogen donators 
or to the presence of the fluoride which is used in preparing the soluble enzyme. 

The heated preparation contains “‘cozymase”’ since it is able to activate both 
the lactic acid and glucose dehydrogenases of bacterial suspensions (Table VI). 







Table VI. Presence of “‘cozymase”’ in heated soluble enzyme preparations 


Reduction time 








Glucose dehydrogenase: min. 
Bacteria + glucose 33 
Bacteria + glucose + heated preparation 12-5 

Lactic acid dehydrogenase: 

Bacteria + lactate >120 
Bacteria + lactate + heated preparation 42 









Experiment further showed that the effects of a heated preparation of 
soluble lactic dehydrogenase, heated bacteria and cozymase are not additive, 
either for the soluble enzyme or for the lactic acid dehydrogenase of the intact 
cells. This is strong evidence for the identity with cozymase of the coenzymes 
of both enzymes. 
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Fig. 1. Affinities of lactic dehydrogenase. 
e—e Of intact cells. a—a Of cell-free preparation. 






(3) Affinities of the dehydrogenases 


Certain small quantitative differences in the behaviours of soluble lactic 
dehydrogenase and intact cells acting on lactate suggested that there might be 
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other and more fundamental differences between the enzymes. It therefore 
seemed of interest to measure their affinities for their substrate. The result of a 
typical experiment showing the relation between the activities of the enzymes 
and the substrate concentration is given in Fig. 1. It will be seen that there are 
some minor differences in the two curves. For example, the pK,,, of the soluble 
preparation is about 2-8, that of the enzyme of the intact cells about 2-3. These 
differences, although constantly obtained, are quantitatively not sufficient for 
any definite conclusions to be drawn with regard to the enzymes. 


SUMMARY 


1. Dilution of suspensions of Bact. coli results in a considerable falling off 
in activity of lactic acid dehydrogenase, which has been shown to be due to the 
presence of a heat-stable coenzyme. 

2. The coenzyme is replaceable by the cozymase of yeast fermentation. 

3. Similar results were obtained with the cell-free preparation of lactic 
dehydrogenase of Stephenson. 

4. These findings recall the results previously obtained with the glucose 
dehydrogenase of Bact. coli. 

5. The affinities for lactate of the lactic dehydrogenase of intact cells and the 
soluble preparation show slight but constant differences. 


I am very grateful to Dr Marjory Stephenson for her constant interest and 
encouragement. My thanks are due to Dr D. E. Green for the preparation of 


yeast cozymase. 
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THE importance of choline, both as a dietary constituent for the prevention and 
cure of fatty livers, and in the form of acetylcholine for the transmission of 
nervous impulses suggests that its intermediary metabolism in the animal body 
may present features of unusual interest. While much work has been done on 
this subject in the past and many suggestions have been made as to the way in 
which choline is transformed by the animal, the evidence which has been 
obtained is not sufficiently conclusive to establish any of the hypotheses put 
forward. 

The simplest suggestion that has been made is that choline is oxidized at the 
alcoholic group with the formation of betaine, the corresponding acid. There 
appears to be no experimental evidence in support of this view. It depends upon 
the observation that choline and betaine are frequently found together in plants, 
and the fact that the oxidation of choline to betaine is readily brought about by 
the action of oxidizing agents. However, despite the widespread occurrence of 
choline in the tissues of higher animals, betaine appears to have been isolated 
from such a source on only one occasion when Bebeschin [1911] reported the 
isolation of betaine from ox liver. 

A view which receives more support suggests that as a preliminary to oxida- 
tion, choline is first split up into trimethylamine and glycol. Such a splitting of 
choline is known to be brought about by the action of certain micro-organisms. 
Thus Ackermann & Schutze [1910; 1911] reported the production of trimethyl- 
amine from choline by B. prodigiosus, and it appears possible that this change 
may be also brought about by animal tissues, since Toda [1934] claims that 
trimethylamine is produced from choline by liver pulp. According to Hoesslin 
[1906] the trimethylamine so produced is demethylated and converted into urea 
and formic acid. He found that after administration of choline to rabbits, 
orally or subcutaneously, the formic acid content of the urine increased, though 
there was no trace of unchanged choline and no increase in trimethylamine 
content. 

From the recent work of Lintzel [1934] it appears doubtful whether, in man 
at any rate, splitting of choline into trimethylamine and glycol occurs. Lintzel 
found that when trimethylamine is fed to man, it appears quantitatively in the 
urine as trimethylamine oxide. When choline is fed, however, it causes little 
increase in trimethylammonium compounds in the urine, though a small 
proportion of it may appear in the urine unchanged and there may be a small 
increase in the trimethylamine oxide content. Lintzel concludes that choline 
must undergo demethylation in some such way as that suggested by Riesser 
[1913; 1914]. 
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Riesser found that on injection of choline into rabbits, a significant rise in the 
creatine content of the muscle occurred together with an increase in urinary 
creatinine. He concludes that choline is a precursor of creatine and suggests that 
the conversion is brought about by a partial demethylation of choline followed 
by condensation with urea. The condensation product would undergo oxidation 
to creatine. Satta [1914] observed no increase in urinary creatinine in animals 
fed on lecithin and postulated a complete demethylation of choline leading to the 
formation of aminoethyl alcohol. According to Guggenheim & Léffler [1916] the’ 
latter compound is rapidly oxidized when perfused through surviving liver. 

The above suggestions as to the mode of breakdown of choline in the animal 
organism have been derived mainly from experiments performed on intact 
animals by feeding or injection of choline. Experiments with tissue slices and 
extracts have shown that the addition of choline or acetylcholine may bring 
about an increase in the rate of respiration of the liver or kidney tissue of certain 
animals. Thus Bernheim & Bernheim [1933] investigated the increase in oxygen 
uptake produced by the addition of acetylcholine to extracts of liver or kidneys 
of rats or cats. Since the acetylcholine disappeared and the addition of acetate 
produced no similar increase in the rate of oxygen uptake, they concluded that 
the choline was oxidized. But the disappearance of acetylcholine merely indicates 
the presence of choline esterase, and the possibility that choline is merely acting 
as an activator of respiration rather than as a substrate was not excluded. 
Trowell [1935], working with rat liver slices and with preparations of washed 
liver, also came to the conclusion that choline was oxidized by this tissue, but he 
was mainly concerned with the effect of choline on fat metabolism and made no 
attempt to follow the course of choline oxidation. 

In the present work, the fact that the increased oxygen uptake produced by 
the addition of choline to rat liver slices and extracts is due to oxidation of 
choline is established and the identification of the oxidation product is described. 


METHODS 


Choline chloride was used throughout. The tissue used was rat liver either 
in the form of slices or as an extract prepared by a method similar to that of 
Bernheim & Bernheim [1933]. The tissue was ground in a mortar with sand, and 
M/5 phosphate buffer pH 7-4, varying in amount from 1 to 5 ml. per g. of tissue 
according to the concentration of extract required, was stirred in. After the 
mixture had been allowed to stand for 15 min. at room temperature, it was 
squeezed through muslin. The resulting suspension could be conveniently 
measured by pipette into the experimental flasks. 

Experiments in which oxygen uptake was measured were carried out in the 
Warburg apparatus at a temperature of 37°. The total volume of medium in 
each vessel was always arranged to be 3-0 ml. When tissue slices were used, the 
medium had the composition: sodium phosphate buffer (pH 7-4) 0-03.M, 
KCl=0-002 MV, CaCl,=0-001 M, NaCl=0-13.M. With tissue extracts the final 
concentration of sodium phosphate buffer was arranged to be 0-06 M, and no 
other salts were added. In experiments with tissue slices the manometric vessels 
were filled with oxygen. 

Estimation of choline 


Two methods were used for the estimation of choline. 
Reineckate method. This method depends upon the precipitation of choline as 
the reineckate which is insoluble in ice-cold water and in absolute alcohol. It was 





OXIDATION OF CHOLINE BY LIVER 871 


used by Kapfhammer & Bischoff [1930] for the isolation of choline and acetyl- 
choline from animal tissues. Beattie [1936] used the precipitation as the basis 
of a colorimetric method of estimation of choline which was used in the present 
work. The method consists in precipitating the choline by the addition of excess 
of ammonium reineckate solution, dissolving the washed precipitate in acetone, 
and estimating the choline reineckate by comparing the colour of the acetone 
solution in a colorimeter with that of a methyl red solution previously standard- 
ized against pure choline reineckate. Experimental solutions were freed from 
protein before precipitation of the reineckate by addition of an equal volume of 
20% trichloroacetic acid. 

The periodide method. Choline is precipitated as periodide by Florence’s 
reagent—a solution of iodine in potassium iodide. This has been utilized as 
a means of estimating choline by Stanek [1906] who estimated the nitrogen of 
the precipitate and by Roman [1930] who estimated the iodine of the precipitate. 
These methods are, however, unspecific. Booth [1935] has used the reagent for 
a microchemical test for choline which depends on the observation of the forma- 
tion of the characteristic choline periodide crystals under the microscope. He has 
shown that the formation of crystals occurs at extremely low concentrations of 
choline. This observation has been utilized in the present work as the basis of a 
rough but rapid estimation of choline. In principle this consists in standardizing 
the reagent by observing the lowest concentration of choline at which the periodide 
formation is detectable. The experimental solution of unknown choline con- 
centration is then diluted until the same point is reached, when, knowing the 
sensitivity of the reagent, the amount of choline present may be calculated. 

The reagent is prepared by adding 2-54 g. iodine to 1-65 g. potassium iodide 
dissolved in 30 ml. water. When first prepared it is relatively insensitive but 
after 24 hr. it generally gives a positive test with a solution of 1 mg. choline 
chloride in about 150 ml. water. Further standing produces a very slow increase 
in sensitivity. For standardization such a volume of choline chloride solution as 
contains 1 mg. choline chloride is pipetted into a 250 ml. measuring cylinder. 
The solution is diluted to 120 ml. and after mixing, 1 drop is put on a micro- 
scope slide and then 3 drops of Florence’s reagent are added. Further tests 
are also made at dilutions of 130, 140 ml. etc. The test samples are then 
examined under the microscope for choline periodide crystals. It is found that 
with the more concentrated choline solutions, minute crystals may be seen all 
over the field, while with the more dilute solutions only a few scattered crystals 
are to be seen. The change over is fairly sharp. Thus, for example, the dilution 
of 140 ml. may give a good positive test, while the dilution of 150 ml. and sub- 
sequent dilutions give only a few scattered crystals or none at all. The reagent 
will then detect a concentration of choline of 1 in 140,000. In such dilutions the 
periodide crystals may take up to 5 min. to develop. They slowly decompose on 
prolonged standing at room temperature. With a choline solution of entirely 
unknown strength a series of tests at widely different dilutions are first carried 
out to obtain some idea of the amount of choline present. Then a volume which 
contains about 1 mg. is pipetted into the measuring cylinder and a series of 
tests at different dilutions are carried out as for the standardization. From the 
highest dilution which gives a positive test; the amount of choline present may 
be calculated, knowing the sensitivity of the reagent. Experimental solutions 
were freed from protein by the addition of an equal volume of 20% trichloroacetic 
acid before the estimations were carried out. 

The accuracy of the method is, of course, not great. Probably the error is in 
some cases as high as 10%. But whereas by the reineckate method of estimation 





872 P. J. G. MANN AND J. H. QUASTEL 


compounds related to choline, such as acetylcholine, trimethylamine and 
betaine, are all estimated as choline to a greater or less extent according to the 
solubility of their reineckates, the periodide method just described is apparently 
specific for choline. Related compounds react with the periodide reagent, but 
not in the dilutions employed, nor do they interfere with the formation of the 
characteristic choline periodide crystals under these conditions. The importance 
of this specificity of the method will be apparent from the results to be described. 


MANOMETRIC EXPERIMENTS 


The effect of addition of choline on the oxygen uptake of rat liver extract 
prepared as previously described, is shown by the curves of Fig. 1. In this 
experiment, liver extract equivalent to 0-25 g. liver was used in each vessel. 
The choline solutions were placed in the side-tubes of the Warburg vessels and 
tipped into the main vessels immediately after the initial readings had been 
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Fig. 1. Fig. 2. 


taken. It will be seen that a large increase in the rate of oxygen uptake is pro- 
duced by the addition of choline. This may be due either to the oxidation of the 
added choline or to an activation of some oxidizing system in the extract. As 
will be shown later, the former explanation is the correct one, and the increased 
oxygen uptake is accompanied by oxidative disappearance of choline. When 
the values for the oxygen uptake in the first 15 min. are plotted against the 
amount of choline chloride added, the curve of Fig. 2 is obtained. This shows that 
the maximum effect is exerted when 4 mg. choline chloride are present in each 
vessel, or, since the total volume of medium in each vessel is 3 ml., when the 
concentration of choline chloride is of the order of 1 mg. per ml. Similar effects 
are observed with liver slices. Here, however, the relative increase in the 
respiration caused by the addition of choline is not so great, presumably because 
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the rate of oxygen uptake of a liver slice is much higher than that of an equi- 
valent amount of extract. 

The fact that the increase in oxygen uptake is due to oxidation of the 
added choline is apparent from the results of the following three large-scale 
experiments which were carried out during attempts to isolate the oxidation 
product. 

In each of the experiments 144 mg. choline chloride were used, which were 
divided between nine Warburg vessels—16 mg. in each. 

Rat liver extract was used for the oxidation, extract equivalent to 1 g. liver 
being placed in each vessel. The oxygen uptake of the tissue extract alone was 
measured and also that of the tissue extract with added choline. The experiments 
were of 3 hr. duration. At the conclusion of this time the experimental fluids 
from the vessels in which choline had been present were united, the protein was 
precipitated with an equal volume of 20 % trichloroacetic acid and the remaining 
choline was estimated both by the periodide and by the reineckate methods. 
Since the increase in oxygen uptake, due to the presence of choline, was known, 
the volume of oxygen required for the oxidation of 1 mg. choline chloride could 
be calculated. 

The results obtained are shown in the following table. 


Oxygen uptake 
—_——_ r mg. choline 
Choline Periodide Reineckate Choline Extra oxygen chloride dis- 


Choline remaining 





added method method oxidized uptake appearing 
Exp. mg. mg. mg. mg. pl. pl. 
1 144 55 144 89 8245 92-6 
2 144 47 138 97 8502 87-6 
3 144 55 141 89 8065 90-6 


It will be observed that according to the periodide method of estimation, the 
increase in oxygen uptake produced by the addition of choline is accompanied by 
disappearance of choline, about 90 ul. extra oxygen being taken up for every 
mg. choline chloride disappearing. According to the reineckate method of 
estimation however, there is little disappearance of choline. This suggests that 
the choline is oxidized to a compound which gives an insoluble reineckate but 
which does not react with Florence’s reagent to give an insoluble periodide 
resembling choline periodide in crystalline form. 

If during the reaction 1 mol. of choline combines with 1 atom of oxygen the 
increased oxygen uptake per mg. choline chloride disappearing should be 80 yl. 
The figure obtained in the three experiments described above is about 10% 
larger than this. Bernheim & Bernheim [1933] came to the conclusion that 
choline is oxidized by liver extract with the consumption of 14 atoms of oxygen 
per mol. of choline, and that the reaction taking place was therefore of a complex 
type involving condensation. Trowell [1935], using washed liver pulp, obtained 
results more in agreement with those reported here. The results of 6 experiments 
in which 0-4 mg. choline chloride was added to washed liver pulp, gave an average 
increase in oxygen uptake of 38 yl. or 95 yl. per mg. choline chloride. 

As a working hypothesis, it may be assumed that in the oxidation 1 mol. of 
choline combines with 1 atom of oxygen. If this is the case, the reaction which 
appears most probable is oxidation of choline at the alcoholic group with 
formation of betaine aldehyde. 













P. J. G. MANN AND J. H. QUASTEL 


The effect of cyanide 


Bernheim & Bernheim [1933] stated that although the oxygen uptake of liver 
extract itself is almost completely inhibited by M/200 cyanide, the oxidation of 
choline is unaffected. In a reinvestigation of the effect of cyanide, a marked 
inhibitory action on choline oxidation has been found, even with much lower 
concentrations of cyanide than M/200. The results of one experiment are shown 
in Fig. 3. Rat liver extract equivalent to 0-25 g. fresh liver was used in each 
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Fig. 3. 


vessel and the effect of different concentrations of cyanide was observed both on 
the oxygen uptake of the extract alone and on that of the extract in presence of 
5 mg. choline. The inner cups contained the appropriate potash-cyanide mixture 
to prevent change in the concentration of cyanide in the reaction mixture during 
the course of the reaction, according to Krebs [1935]. It will be seen that a 
concentration of cyanide as low as 10-4 MW produces an appreciable inhibition 
of choline oxidation, while 10-* MW cyanide reduces the oxygen uptake to a value 
below that of the tissue extract without added choline. It was thought possible 
that the difference between these results and those of other workers might be due 
to the fact that the choline was placed in the side-tubes of the Warburg vessels 
and was not tipped into the main vessel until after the initial readings had been 
taken. The inhibition might then be an irreversible one similar to that observed 
by Dixon & Keilin [1936] when xanthine oxidase was incubated in absence of 
substrate. However, similar inhibitions were obtained when the choline was 
added to the liver extract before the cyanide. Moreover, in experiments where 
alkali alone was used in the inner cup to absorb CO,, a diminution of the 
inhibition was observed, as the cyanide was absorbed by the alkali, showing that 
the inhibition produced is a reversible one. 
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IDENTIFICATION OF THE OXIDATION PRODUCT 


For identification of the product of oxidation it was ultimately found 
necessary to work on a large scale. Details of one such large-scale experiment 
are given here. 

Six rat livers of total weight 32-9 g. were ground with sand in a mortar and 
extracted with 50 ml. M/5 phosphate buffer pH 7-4. The mixture was allowed 
to stand for 15 min. at room temperature and was then squeezed through 
muslin. The resulting suspension diluted to 150 ml. was placed in a 500 ml. flask, 
together with 600 mg. choline chloride. The flask was then filled with oxygen 
and was mechanically agitated in a water-bath at 37° for a period of 3 hr. The 
suspension was reoxygenated several times during the course of the experiment to 
maintain aerobic conditions. After 3 hr. 150 ml. 20% trichloroacetic acid were 
added and the precipitated protein was filtered off. Estimation of choline in 
the filtrate by the periodide method showed that 106 mg. choline remained 
unoxidized. To the combined filtrate and washings excess saturated ammonium 
reineckate solution was added and the mixture was cooled in ice before filtering 
off the precipitate which was washed with ice-cold water and dried in vacuo; 
wt. 1-7275 g. 

The product so obtained consisted of a mixture of the reineckates of choline 
and of its oxidation product. For purification the reineckate was first decomposed 
according to the method of Kapfhammer & Bischoff [1930]. For this purpose it 
was dissolved in a mixture of acetone and water, and saturated silver sulphate 
solution was added until precipitation of silver reineckate was complete. The 
filtrate and washings were evaporated to a small bulk under reduced pressure 
and any excess silver and sulphates were removed by the addition of barium 
chloride solution. Finally any traces of barium were removed by addition of 
dilute sulphuric acid. The combined filtrate and washings were mixed with 
10 ml. of a saturated aqueous solution of picric acid and concentrated under 
reduced pressure until crystals began to appear. The solution was placed in the 
refrigerator overnight and the crystals of choline picrate then filtered off. From 
the filtrate the unknown oxidation product was precipitated as the reineckate, 
which was washed in ice-cold water and dried in vacuo; wt. 10182 g. A portion 
of the reineckate so obtained was recrystallized first from large volumes of warm 
3% HCl and then from warm water. The product so obtained melted ‘over the 
range 255-260° on rapid heating. 

When the purified reineckate was decomposed in the usual way with silver 
sulphate, followed by treatment with barium chloride and dilute sulphuric acid, 
and the resultant solution was concentrated to a small volume under reduced 
pressure and finally taken to dryness in a vacuum desiccator a gummy crystalline 
mass was obtained which was very deliquescent. Attempts to recrystallize did 
not yield a product suitable for analysis. It was found, however, that the 
substance reacted as an aldehyde, giving a silver mirror with ammoniacal silver 
nitrate solution. This strengthened the impression already gained from a study 
of the oxygen uptake that it might be betaine aldehyde. Some confirmation of 
this results from the analysis of the reineckate. (Found (Weiler): C, 25-81, 
25-93; H, 4:32, 4-66%. Betaine aldehyde reineckate C,H,,ON,S,Cr requires 
C, 25-72; H, 4-29%.) A portion of the purified reineckate was decomposed and 
the unknown compound was precipitated as the aurichloride. After recrystalliza- 
tion from 1°% HCl containing a trace of gold chloride this melted at 215-217°. 
Further recrystallization produced no change in the melting point. (Found 
(Weiler): C, 13-81; H, 2-97; N, 3-21%. Betaine aldehyde aurichloride 
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C;H,,ONAuCl, requires C, 13-61; H, 2:72; N, 317%.) The analysis of the 
reineckate and the aurichloride therefore suggest that the compound is betaine 
aldehyde. 

Attempts were made to prepare the 2:4-dinitrophenylhydrazone, but the 
latter appeared to be too soluble to allow its isolation in a pure state to be 
readily attainable. No precipitate was formed when the 2:4-dinitrophenyl- 
hydrazine reagent was mixed with a solution of the unknown compound, even 
after prolonged standing at room temperature. Attempts to separate a hydra- 
zone by concentration of the solution did not yield a pure product. However, 
when the reaction mixture was made alkaline, a deep red coloration was obtained, 
indicating that a hydrazone was present. This observation was utilized later to 
follow the oxidation of choline by tissues. 


Oxidation with silver oxide 


Fischer [1893; 1894], who synthesized betaine aldehyde, showed that by 
treatment with silver oxide it is converted into betaine which he isolated as 
the aurichloride. The action of silver oxide on the unknown compound was 
therefore studied. 

0-3 g. of the purified reineckate was decomposed in the usual way, with silver 
sulphate, followed by treatment with barium chloride and dilute sulphuric acid. 
The final filtrate was concentrated under reduced pressure to a volume of about 
10 ml. This was then shaken with a suspension of freshly precipitated silver oxide 
until a drop of the filtrate showed no reducing action towards warm ammoniacal 
silver nitrate solution. The filtrate was acidified with a little dilute HCl, 10 ml. of 
2% gold chloride solution were added, and the mixture was concentrated under 
reduced pressure until crystal formation began. The solution was placed in the 
refrigerator overnight and the crystals were then filtered off, washed with a 
little ice-cold water and dried in vacuo; wt. 0-2034 g.; M.p. 248-250° on rapid 
heating. On recrystallization from 0-5 °% HCl containing a few drops of 2% gold 
chloride solution no change in melting-point occurred. A sample of authentic 
betaine aurichloride was also prepared which melted at 249-250°; mixed M.P. 
248-250°. It may therefore be concluded that on oxidation with silver oxide the 
unknown compound is converted to betaine. 


Oxidation with permanganate 


Oxidation with potassium permanganate in acid solution also gives betaine, 
but this reaction is of less value than the silver oxide oxidation as a proof of 
constitution, since, as shown by Lintzel & Fomin [1931] both choline and betaine 
aldehyde are converted into betaine by permanganate. In this case the betaine 
was isolated as the reineckate, M.P. 153-155° on rapid heating. A sample of the 
authentic betaine reineckate melted at 154-156°; mixed m.P. 153-155°. This 
reineckate is soluble in alkaline solution and insoluble in acid solution, in contrast 
to the choline reineckate which is insoluble in both acid and alkaline solutions. 
This difference in solubility was used by Strack & Schwaneberg [1936] for 
separation of betaine from choline. 

The unknown compound therefore is formed by oxidation of choline, the 
oxygen uptake is in the neighbourhood of 1 atom of oxygen per molecule of 
choline oxidized, the product has the properties of an aldehyde, and by further 
oxidation with silver oxide or with permanganate in acid solution it is converted 
into betaine. The evidence is therefore sufficient to identify the compound as 
betaine aldehyde. 













OXIDATION OF CHOLINE BY LIVER 


Discussion 


The increase in oxygen uptake which occurs when choline is added to respiring 
rat liver slices or extract, is due to oxidation of choline to betaine aldehyde. It is 
not yet known whether the enzyme responsible is specific for choline oxidation. 
Preliminary investigations with inhibitors suggest that the enzyme is not identical 
with amino-acid oxidase or alcohol dehydrogenase, since neither glycine nor 
ethyl alcohol inhibits the oxidation. On the other hand, inhibition of the oxida- 
tion is produced by ammonium chloride and sulphate, trimethylamine and 
betaine. The properties and distribution of the enzyme will be dealt with in a 
later publication. It may be mentioned here that Bernheim & Bernheim [1933] 
concluded that oxidation of choline was brought about by rat and cat liver and 
kidney tissue but not by guinea-pig liver. We have also found that rat liver and 
kidney are active, but that guinea-pig liver and kidney are apparently inactive. 

A further point to be investigated is the significance of betaine aldehyde in 
animal metabolism. Does the reaction merely constitute the first stage in the 
removal of choline, or is it connected in any way either with the formation of 
acetylcholine or with the action of choline in the prevention and cure of fatty 
livers?) With regard to acetylcholine formation it is of interest to recall that 
Strack et al. [1935] suggested that this compound might arise as a result of a 
Cannizzaro reaction between betaine aldehyde and acetaldehyde, while by aldol 
condensation of the same two substances, carnitine aldehyde would be produced 
which on oxidation would give carnitine. These possibilities are under investiga- 
tion. 

There appears to be no obvious connexion between the oxidation of choline 
to betaine aldehyde and the action of choline on fatty livers. Trowell [1935], 
indeed, came to the conclusion that the addition of choline to rat liver slices 
caused an inhibition of their fat oxidation. This conclusion was based in part 
on the observation that the increased oxygen uptake produced by the addition 
of choline was always less than that required for the oxidation of all the choline 
added, assuming that ] mol. of choline requires 1 atom of oxygen. Trowell, how- 
ever, used concentrations of choline as high as 2-3%, i.e. about 70 mg. in each 
manometric vessel. The duration of the experiments after the addition of 
choline was only 1 hr. Under such conditions only a small proportion of the 
choline could be oxidized during the experimental period. In cases where low 
concentrations of choline were used it should be noted that the velocity of choline 
oxidation falls rapidly as the choline concentration falls below that required for 
the saturation of the enzyme. Hence, here also, the complete oxidation of the 
added choline would be improbable. 

In the experiments reported in the present work the choline was generally 
maintained throughout the experiments in concentration sufficient to keep the 
enzyme saturated. Under these conditions the increased oxygen uptake is, as 
already described, about 10° more than the theoretical value, assuming that the 
molecule of choline takes up 1 atom of oxygen. This result was obtained using ~ 
liver extract for the oxidation. On the other hand, where a low concentration of 
choline is employed and the enzyme is in excess, so that complete oxidation of all 
the choline should occur during the experimental period, the increased oxygen 
uptake according to Bernheim & Bernheim [1933] corresponds to 1} atoms per 
mol. of choline. In a preliminary investigation of the apparent discrepancy we 
have found that under such conditions the oxygen uptake may attain values 
nearly equivalent to 1 mol. of oxygen per mol. of choline. This appears to be due 
to the further oxidation of the betaine aldehyde, since the latter, when added to 
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rat liver and kidney slices and extracts, apparently produces a small increase in 
the rate of oxygen uptake which is accompanied by the disappearance of the 
aldehyde. Some evidence has been obtained that the oxidation product is 
betaine. This will be dealt with in a later publication. 


SUMMARY 


1. The action of choline in increasing the rate of respiration of rat liver 


slices or extracts has been investigated. 
2. The increase in respiration rate is accompanied by disappearance of 


-_- 


choline, indicating that the effect is due to oxidation of choline. 

3. When the concentration of choline is maintained at the optimum through- 
out the experimental period and liver extract is used for the oxidation, the extra 
oxygen per mg. choline disappearing is about 10% higher than the theoretical 
value, assuming that 1 mol. combines with 1 atom of oxygen. 

4. The isolation of the oxidation product in the form of its reineckate and its 
aurichloride is described. The compound gives the reactions of an aldehyde and 
by further oxidation with silver oxide or with permanganate in acid solution 
it is converted into betaine. In view of these facts and the results of analyses of 
the reineckate and the aurichloride it is identified as betaine aldehyde. 

5. The oxidation is inhibited by low concentrations of cyanide. This inhibi- 


tion is reversible. 
6. The nature of the enzyme responsible for the oxidation is discussed and 


also the possible significance of betaine aldehyde in animal metabolism. Some 
evidence is put forward which suggests that rat liver and kidney oxidize it slowly 


to betaine. 


One of us (P. J. G. M.) is indebted to the Medical Research Council for a 
whole time assistance grant. 
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(Received 1 May 1937) 


THE more heat-stable portion of the vitamin B complex formerly known as 
vitamin B, has recently been proved to be a mixture of at least two constituents. 
One of these constituents, lactoflavin, first isolated from whey [Ellinger & 
Koschara, 1933, 1, 2; Kuhn e¢ al. 1933, 1, 2], was soon recognized to possess only 
part of the physiological properties of “vitamin B,” and to need supplementing 
in order to demonstrate the full physiological activity [Gyérgy et al. 1933; 1934]. 

In this laboratory it has been shown that a substance supplementing lacto- 
flavin is present in 

(a) alcoholic extracts of various cereals; 

(6) autoclaved aqueous yeast extracts after removal of the lactoflavin 

present by adsorption on fuller’s earth at pH 1-4. 

A substance with supplementary action for lactoflavin is also contained in 
yeast extracts which have been autoclaved in alkaline solution (pH 9), a pro- 
cedure which would destroy the lactoflavin present; this may be similar to or 
identical with the factor Y, described by Chick & Copping [1930], found necessary 
for supplementing an egg white concentrate, which may be regarded as an impure 
solution of lactoflavin. 

Supplementary materials from many other sources (fish muscle, liver, 
molasses etc.) have been investigated in other laboratories. Gyérgy [1934: 
1935] provisionally introduced the name “‘vitamin B,” for a factor specifically 
active in curing dermatitis and restoring growth of rats receiving lactoflavin 
and vitamin B, only of the vitamin B complex. 

A long series of experiments in this laboratory has shown that young rats can 
be fairly satisfactorily reared for several weeks from weaning on a synthetic 
diet in which B-vitamins are provided by the following three materials. 

(1) Small daily doses (=0-3-0-6 g. yeast, dry wt.) of Peters’s vitamin B, 
concentrate from yeast, or 10-l5y daily of crystalline vitamin B, hydro- 
chloride. 

(2) Small daily doses, 10-20, of crystalline lactoflavin. 

(3) A heat-stable supplement contained in the filtrate from yeast extracts 
after treatment with fuller’s earth, given in daily amount equivalent to 0-5 g. 
yeast, dry wt. This material we have called the yeast fuller’s earth filtrate 
fraction. 

Copping [1936] found, however, that an alcoholic cereal extract was more 
effective than the fuller’s earth filtrate from yeast extract for restoration of 
normal growth and cure of the dermatitis developed in rats which had received 

1 Francis Maitland Balfour Student (Newnham College, Cambridge), 1934-6. 
2 Working with a Research Fellowship from the Spanish Government. 
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only lactoflavin in addition to vitamin B,. This indication that the supplement 
required with lactoflavin might be composed of more than one factor, and that 
lactoflavin might need some supplement other than the fuller’s earth filtrate 
from yeast extracts for complete nutrition, is in accord with the results of other 
investigators working on other lines using preparations derived from other 
materials [Lepkovsky et al. 1936; Halliday & Evans, 1937]. In the following 
paper further evidence will be brought forward to show that at least two 
essential heat-stable dietary factors are present in yeast in addition to lacto- 
flavin. 

The present paper is, however, concerned with the special growth-promoting 
properties of lactoflavin for young rats. 

Kuhn et al. [1935] obtained weight increases in young rats of about 10 g. 
weekly over a 4-week period by supplementing the Bourquin-Sherman diet 
[1931] with 10y daily of lactoflavin and with an aqueous yeast extract which 
had been treated with fuller’s earth. Since the Bourquin-Sherman diet contains 
an alcoholic extract of wheat as a source of vitamin B,, this must be regarded as 
an additional source of supplementary material. Euler et al. [1934; 1935] 
reported a similar weight increase when employing a synthetic diet supplemented 
only by the fuller’s earth filtrate from yeast extracts. An average weight increase 
of approximately 11 g. weekly for 4 weeks was obtained by Gyérgy [1935] when 
10y daily of lactoflavin were fed with “vitamin B,”, as contained in large doses 
of Peters’s vitamin B, concentrate from yeast, but the growth rate was not 
enhanced by doubling the lactoflavin dose. Ansbacher et al. [1936], however, 
found that the growth rate of rats was increased with increasing doses of 
lactoflavin, when supplemented by an extract from rice polishings. 

In the absence of other members of the vitamin B, complex and supple- 
mented only by vitamin B,, lactoflavin has been found by us to support a low, 
subnormal rate of growth. When, however, supplements were provided in the 
form ‘of preparations from wheat germ or from yeast, the growth rates were 
substantially increased. When the animals received optimum doses of these 
supplements the growth response showed a fair proportionality with the amount 
of lactoflavin given, until the optimum was reached; moreover the growth 
response appeared to be the same, within the limits of experimental error, for 
the same dose of lactoflavin whatever the source of the supplementary substance. 






































METHODS 











Growth tests were carried out by the methods generally employed in this 
laboratory [Chick & Roscoe, 1928; Chick eé al. 1935]. Young rats, weaned at 
21 days, weighing between 40 and 50 g. received a basal diet consisting of 
commercial light white casein! 100, rice starch 300, cotton-seed oil 60, lard 15, 
salt mixture (McCollum’s No. 185) 25 and water 500; the diet was steamed for 
3 hr. The lard was added to the diet to ensure an adequate supply of the essential 
unsaturated fatty acid in the hope of eliminating scaly tails and associated 
conditions [Burr & Burr, 1930; Hume, unpublished experiments]. The diet was 
supplemented by 0-08-0-1 ml. of cod liver oil daily, to supply vitamins A and D, 
and by vitamin B,. In the earlier experiments this was given as 0-05-0-1 ml. of 
a Peters’s concentrate from brewer’s yeast, prepared according to the modified 
method described by Kinnersley et al. [1933]; when supplies of crystalline 

1 Although traces of factors of the vitamin B, complex may be present in commercial light 
white casein, the amounts present are so small that this casein has been found satisfactory for 
experiments with rats on the vitamin B, complex [cf. Chick & Roscoe, 1928; Roscoe, 1933]. 
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vitamin B, hydrochloride became available the rats received 10-15 y of this 
daily. It was found that aqueous solutions of vitamin B, hydrochloride could be 
kept free from moulds and without loss of activity if solutions containing 1 mg. 
per ml. in N/1000 HCl, were stored in the cold. More dilute solutions, also 
containing N/1000 HCl, suitable for dosing were made from the stock solution 
at least once weekly. 

In preparing litters for this work we did not find it necessary, in order to 
render the young rats sensitive to deficiency of the B,-vitamins, to remove the 
yeast from the stock diet of the mothers during the whole of the lactation period, 
as was previously the custom in this laboratory. The mothers received the full 
stock breeding diet, except during the last week of lactation, when yeast was not 
included. 

The rats were weighed 3 times weekly. Their growth had usually ceased by 
the end of the second week after weaning, and when the weight had remained 
stationary for several days, the control animals received lactoflavin only, while 
the others received in addition the selected fraction from yeast extract or wheat 
germ, to provide the further heat-stable vitamins of the B, group. The lactoflavin 
(hepatoflavin) was prepared from liver and was kindly provided for us by Dr 
Sidney Smith, to whom we wish to express our great indebtedness. 


Preparation of supplementary materials 

Filtrate from fuller’s earth adsorption of autoclaved yeast extract (“‘ yeast fuller’s earth filtrate’’). 
A dilute acetic acid yeast extract, prepared as described by Chick & Roscoe [1930], was autoclaved 
at pH 5 at 120° for 5 hr. to destroy vitamin B,. 1 1. of this extract (1 ml.=0-5 g. yeast, dry wt.) 
was adjusted to pH 1-4 by addition of approximately 20 g. of H,SO,. 50 g. of fuller’s earth 
(B.D.H. for adsorption purposes) were added and after stirring at intervals for 30 min. the fuller’s 
earth was filtered off. The adsorption was repeated and the final filtrate was treated with Ba(OH), 
to remove sulphate and adjusted to pH 3 for storage (1 ml.=0-5 g. yeast, dry wt.). 

Eluate from the norite adsorbate of the fuller’s earth filtrate. 11. of the above fuller’s earth filtrate 
was extracted 4 times with 12 g. portions of norite charcoal at pH 2-5. The norite adsorbate was 
washed with N/100 HCl, dried in a vacuum desiccator and extracted with glacial acetic acid on 
a water-bath until the extract was nearly colourless (3 extractions). The acetic acid was removed 
in vacuo and the light brown residue dissolved in 167 ml. of water (1 ml.=3 g. yeast, dry wt.). 

Alcoholic extract of wheat germ. Wheat germ was air-dried to constant weight at 37°, defatted 
with ether and exhaustively extracted in a Soxhlet extractor with hot absolute alcohol. The 
alcohol was removed in vacuo and the remaining gummy material dissolved in water (1 ml.=1 g. 
wheat germ, dry wt.). 

RESULTS 


Growth-promoting action of lactoflavin without supplement 


The administration of 12y daily of lactoflavin to rats fed on the basal diet 
unsupplemented by other members of the vitamin B, group caused a small but 
definite increase in weight during the first 2 weeks, after which the growth of the 
animals practically stopped (Fig. 1). The animals receiving vitamin B, as the 
Peters’s concentrate showed a slightly greater weight increase, average of 6-7 g. 


Table I. Growth of rats receiving 12y daily of lactoflavin with no supplement 


Average weekly 
increase in wt. 


over 3 weeks Standard 
Vitamin B, given as No. of rats g. deviation 
Peters’s concentrate from yeast (=0-3-0-6 g. 50 6-7 Fa 


yeast, dry wt., daily) 
Vitamin B, hydrochloride (10y daily) 26 53 2-3 
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weekly for 3 weeks, than those having crystalline vitamin B,, 5-3 g. weekly 
(Table I). This indicates the presence of a small amount, doubtfully significant, 
of some growth factor, in addition to vitamin B,, in the Peters’s concentrate. 


» 
o 


S 


Increase in weight, g. 


0 I Z 3 4 5 6 
Weeks 


Fig. 1. Growth of young rats on a basal diet free from B-vitamins, receiving 10y daily of vitamin 
B, hydrochloride, and, from point X only, 12y daily of lactoflavin. Average of 6 rats. 


Growth-promoting action of lactoflavin when supplemented 


Table II shows the weight increase of rats given varying amounts of lacto- 
flavin supplemented by the different extracts. With the supplementary doses 
fed without lactoflavin the rats showed only a slow weight increase, approxi- 
mately 3-5 g. weekly; this indicated either an absence of lactoflavin from these 
solutions or a very low content. 

When the diet containing lactoflavin was supplemented by the above heat- 
stable fractions the growth of the rats seemed to depend on the amount of lacto- 
flavin given and, for a given dose, was the same, within experimental error, for 
the supplementary materials tested. Rats receiving 6y lactoflavin daily, supple-— 
mented by the preparation from yeast extract or wheat germ showed average 
weekly increases in weight of 9-6 and 10-0 g. respectively, and those having 12y 
lactoflavin daily, of 12-4 and 12-2 g. respectively. Increasing the doses of the 
supplements beyond a certain amount did not cause increased growth, as was 
demonstrated by experiments in which daily doses of 12y lactoflavin were supple- 
mented by fuller’s earth filtrate in doses ranging from the equivalent of 0-25 to 
1-0 g. of yeast, dry wt., daily, or by wheat germ extract equivalent to 1-0-2-0 g. 
wheat germ dry wt. Since the degree of growth appeared to be independent of 
the source or quantity of the supplements when these were given beyond a certain 
minimum amount, itseems probable that the different extracts contained the same 
growth factors although the possibility of this being a coincidence is not excluded. 

Care was taken in all cases to give sufficient amounts of the supplementary 
materials, and the doses were increased with increasing amounts of lactoflavin, 
in case the resulting augmented growth stimulated by the increased ration of 
lactoflavin might raise the requirements of the supplement. It can be seen from 
Table II that the optimum dose of wheat germ extract for the 12y lactoflavin 
level lay between 0-5 and 1-0 ml. so that the 1-5 ml. dose given with larger doses 
of lactoflavin was considered to be adequate. 
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Table II. Growth of rats receiving vitamin B,, various doses of lactoflavin 
and other heat-stable supplements from yeast or wheat germ 


Average 
Equivalent weekly 
Daily of yeast increase 
dose of or wheat in wt. Average 
lacto- germ,dry No. over for 
flavin wt. of 4 weeks Standard group 
y Supplement given g. rats g. deviation g. 
0 Yeast fuller’s earth filtrate 0-5 6 3-9 — | 3-5 
Wheat germ extract 1-5-2-0 5 3-2 — a 
6 Yeast fuller’s earth filtrate 0-75 3 9-6 _ 1 og 
Wheat germ extract 1-5 4 10-0 i 
9 Wheat germ extract 1-5 4 10-7 -— 10-7 
12 Eluate from norite adsorbate of 1-0 6 12-5 
yeast fuller’s earth filtrate | 
Yeast fuller’s earth filtrate 0-25 2 11-7 
0-5 26 12-3 1-7 
0-75 2 12-6 12-3 
a Wheat germ extract 0-5 2 76 
1-0 4 12-5) 
1-5 3 11-7 1-3 
2-0 2 12-4 j 
25 Eluate from norite adsorbate of 3-0 15 15-6 2-5 16-6 
yeast fuller’s earth filtrate 
<n Yeast fuller’s earth filtrate 0-75-1-0 6 17-4 2-4 
re Wheat germ extract 1-5 2 16-7 — 
37 Yeast fuller’s earth filtrate 1-0 3 18-9 — 18-9 
50 Yeast fuller’s earth filtrate 1-0 8 18-2 3-4 18-2 
75 Yeast fuller’s earth filtrate 1-5 2 18-1 _ 18-1 
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Fig. 2. Growth of young rats on a basal diet free from B-vitamins, receiving vitamin B, as either 
0-05-0-1 ml. daily of Peters’s B, concentrate from yeast or 10-20y daily of crystalline vitamin 
B, hydrochloride, and graded doses of lactoflavin supplemented by yeast fuller’s earth filtrate 
or alcoholic extract of wheat germ. 
The figures by each point on the curve indicate the number of rats (3 and Q) on each dose 
of lactoflavin. The continuous line represents the growth plotted against the daily dose of 
lactoflavin and the dotted line the growth plotted against the log of the daily dose. 


Increasing the daily dose of lactoflavin from 6y to 37y caused the average 
gain in body weight to increase from 9-8 to 18-9 g. weekly, over a 4-week period. 
The increases in weight showed a fair proportionality to the lactoflavin dose, 
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and the experimental points derived from all observations with the different 
supplementary materials lay on a smooth logarithmic curve (Fig. 2). The optimum 
daily dose of lactoflavin under these conditions was approximately 40y, since 
growth was not increased beyond an average of 18 g. weekly, over a 4-week 
period, when much larger doses were given. 


Speed of response of rats to lactoflavin 


Young rats, growing normally on a synthetic diet which contained vitamin 
B, and all the vitamins of the B, group as provided by yeast extract, showed 
immediate cessation of growth if the extract was withheld (Fig. 3, curve A), 
and their body weight even fell during the first succeeding days. The addition to 
the diet of the fuller’s earth filtrate did not restore growth (curve B), suggesting 
that the sudden cessation of growth was due to withdrawal of the lactoflavin. 
This was confirmed by an experiment in which the rats received lactoflavin only, 
when the yeast extract was removed from the diet, and the weights of the animals 
continued to increase for 1-2 weeks (curve C). 
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Fig. 3. Growth of rats on a basal diet free from B-vitamins, receiving daily 10y vitamin B1 
hydrochloride and, to X only, autoclaved yeast extract =0-25 g. yeast, dry wt. 
Curve A. No vitamins of B, complex after X. 
Curve B. At Y fuller’s earth filtrate =0-5 g. yeast, dry wt. daily. 
Curve C. At X 25y lactoflavin daily. 
The figures in brackets indicate the number of rats from which the growth curves were 
derived. 
SUMMARY 


1. The body weight of rats receiving a diet deficient in the heat-stable 
vitamin B, complex increased only slowly when lactoflavin was added to the 
diet; the growth response was greatly enhanced when lactoflavin was supple- 
mented by extracts from wheat germ or from yeast. 

2. The growth rate of rats receiving adequate doses of these supplements was 
increased regularly with increasing doses of lactoflavin; optimum growth of 
about 18 g. weekly over a 4-week period was attained when the rats received 


approximately 40y daily of lactoflavin. 
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3. Alcoholic extracts of wheat germ and autoclaved aqueous yeast extracts 
after treatment with fuller’s earth enhanced the growth-promoting action of 
lactoflavin to an equal degree. When these materials were given without lacto- 
flavin, no increase in weight occurred. 

4, Lactoflavin may be considered as the member of the heat-stable vitamin 
B, complex which is especially concerned in the growth of rats. 


We wish to thank Dr H. Chick for her continued interest and advice and 
gratefully acknowledge the gifts of lactoflavin from Dr Sydney Smith of 
Messrs Burroughs Wellcome & Co., of a specimen of natural vitamin B, 
hydrochloride from Prof. Suzuki and of a specimen of synthetic vitamin B, 
hydrochloride, prepared by I. G. Farbenindustrie, from Sir Henry Dale. 
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In this laboratory it has long been recognized that although rats could be reared 
satisfactorily for some weeks on a diet containing, as sources of the B-vitamins, 
vitamin B, and lactoflavin supplemented by the filtrate from autoclaved yeast 
extract after treatment with fuller’s earth, this diet was not complete, since better 
growth and development resulted when the animals received autoclaved aqueous 
extracts of yeast which had not been subjected to further fractionation. The 
results of experiments carried out by Copping in this laboratory [1936] showed 
that the dermatitis, developed in rats receiving lactoflavin only of the vitamin B, 
group, was more effectively cured by alcoholic extracts of cereals than by the 
yeast fuller’s earth filtrate. This indicated that at least one additional factor, 
not contained in the yeast filtrate, was present in alcoholic cereal extracts. 

As reported in the following paper [Edgar & Macrae, 1937], the chemical 
and physical properties of the dietary factor present in the yeast fuller’s earth 
filtrate show that this factor is not identical with Gyérgy’s “vitamin B,” 
[1935, 1], which, in his experiments, together with lactoflavin, appeared to 
provide the whole vitamin B, complex. It was possible that some supple- 
mentary factor for lactoflavin, not contained in the yeast fuller’s earth filtrate, 
was adsorbed with the lactoflavin on the fuller’s earth; this paper describes 
experiments in which treatment of this adsorbate has yielded an additional 
active, lactoflavin-free fraction which, when fed with lactoflavin and the fuller’s 

earth filtrate, appears to satisfy the whole vitamin B, requirements of rats. 

Whilst these investigations have been in progress, communications bearing 
on this subject have appeared from other laboratories. Euler & Malmberg 
[1936] suggested that two supplements for lactoflavin besides vitamin B, are 
present in yeast extracts, though adequate experimental evidence was not 
provided for this hypothesis. Lepkovsky et al. [1936] showed that the vitamin B, 
requirements of rats were satisfied only when (1) lactoflavin, (2) an eluate 
prepared from the fuller’s earth adsorbates of rice bran extracts and (3) a 
fuller’s earth filtrate from aqueous liver extracts [Elvehjem & Koehn, 1935] 
were supplied. These results have been supported recently by Halliday & 
Evans [1937], whose work has further indicated the presence of the above 
supplementary factors, (2) and (3), in alcoholic extracts of wheat. Elvehjem 
et al. [1936] have reported the presence of a further factor for nutrition of rats 
in an ether-alcohol precipitate from aqueous liver extracts, required presumably 
in addition to the factors described by other investigators; Halliday & Evans 
[1937] have, however, adversely criticized this work. 

( 886 ) 
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EXPERIMENTAL 


The methods employed in the present work were similar to those described 
in the preceding paper [Edgar et al. 1937], the criterion being growth of young 
rats. Rats were deprived of the vitamins of the B, group at weaning and after 

10-14 days, when all weight increase had ceased, received the test doses of the 
different fractions supplemented by 50y daily of lactoflavin, an amount in excess 
of the optimum requirements [Edgar et al. 1937]. Crystalline vitamin B, hydro- 
chloride was supplied from the time of weaning, the doses being 10-20y daily 
according to the body weight. 


Comparison of the growth-promoting action of the B-vitamins provided as (a) un- 
treated aqueous yeast extract, (b) yeast extract autoclaved at pH 5, supplemented 
by crystalline vitamin B, hydrochloride and (c) the fuller’s earth filtrate from 
autoclaved yeast extract supplemented by vitamin B, and lactoflavin 


A litter of rats was divided into 3 groups as follows: 2 males received doses 
of an untreated aqueous yeast extract equivalent to 1 g. yeast, dry wt. daily; 
2 males received similar doses of the yeast extract after : autoclaving at pH 5 at 
120° for 5 hr., supplemented by 10-20 daily of vitamin B, hydrochloride; 
2 males and 2 females received doses of the yeast fuller’s earth filtrate [see 
Edgar et al. 1937] equivalent to 1-1-5 g. yeast, ‘dry wt. daily, supplemented by 
10-20y daily of vitamin B, and 50-75 y daily of lactoflavin. 
The growth rates of the rats receiving the untreated yeast extract (curve A, 
Fig. 1) were almost identical with those of the rats having autoclaved yeast 
extract supplemented by crystalline vitamin B, hydrochloride (curve B); both 


Average weight of rats, g. 





Fig. 1. Growth of young rats on a basal diet free from B-vitamins and receiving daily as sources 
of B-vitamins: curve A (¢ rats): untreated yeast extract=1g. yeast, dry wt.; curve B 
(3 rats): autoclaved yeast extract=1 g. yeast, dry wt.+10—20y vitamin B, hydrochloride; 
curve C (gf rats) and C’ (2 rats): yeast fuller’s earth filtrate=1 g. yeast, dry wt. + 50y lacto- 
flavin + 10-20y vitamin B, hydrochloride. (At X the doses were increased to fuller’s earth 
filtrate =1-5 g. yeast, dry wt. and 7 75y lactoflavin. At Y the doses were changed to autoclaved 
yeast extract =1 g. yeast, dry wt.+20y vitamin B, hydrochloride.) The figures i in brackets 
indicate the number of rats from which the growth curves were derived. 


pairs showed rapid and steady growth during the experimental period of 8 weeks. 
The rats receiving the fuller’s earth filtrate supplemented by lactoflavin and 
vitamin B, showed lower growth rates (curves C and C’); when these doses were 
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Table I. Growth of rats receiving the constituents of the vitamin Bz complex 
as different fractions from yeast extract 


Unless otherwise stated, 10-20 vitamin B, hydrochloride were given daily 


Average weekly 
gain in weight 
Daily dose over period 
No. of Lacto- as equivalent of 4 weeks 
rats flavin of yeast, g. 
daily dry wt. 
y Yeast preparation given g. 3 
0 Untreated yeast extract; no 31-1 
additional vitamin B, 
0 Autoclaved yeast extract 
50 Fuller’s earth filtrate 
75 Fuller’s earth filtrate 


50 Purified fuller’s earth filtrate 

50 Fuller’s earth eluate 

50 Fuller’s earth filtrate 
+fuller’s earth eluate 


_ 
So 


31:3 

19-3 

19-25 

22-5 

12-1 

32-6 

Average weekly 

gain in weight 
over period 
of 2 weeks 


whom m hobo ro | 
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Fuller’s earth eluate; 
after 2 weeks, given fuller’s 
earth filtrate in addition 


Fuller’s earth eluate 
+fuller’s earth filtrate 


* Dose doubled after 2 weeks. 


replaced by untreated yeast extract a sharp increase in growth rate resulted 
immediately. Further experiments, summarized in Table I, Exp. 1, confirmed 
these results. 

These experiments demonstrate that autoclaving yeast extracts at pH 5 does 
not destroy any of the B-vitamins concerned with growth other than vitamin 
B,, and that treatment with fuller’s earth removes from an autoclaved yeast 
extract at least one growth factor in addition to lactoflavin. 


Investigation of the yeast fuller’s earth adsorbate 


Preliminary experiments in which fuller’s earth adsorbate was itself fed 
directly to young rats in addition to the fuller’s earth filtrate and lactoflavin 
suggested that the adsorbate had some additional growth-promoting action. 
The growth responses were, however, irregular, and seemed to indicate that 
elution of the adsorbed material from fuller’s earth was not accomplished 
satisfactorily in the alimentary canal of the rats. Eluates were therefore pre- 
pared, the following method being finally adopted. 

The fuller’s earth adsorbate was made by adding 50 g. of fuller’s earth 
(B.D.H. “‘for adsorption purposes”’) to 1 1. of aqueous yeast extract (1 ml.=0-5 g. 
yeast, dry wt.), which had been autoclaved at pH 5 at 120° for 5 hr. and then 
adjusted to pH 1-4. This adsorbate was washed twice by grinding in a mortar 
with 250 ml. of 0-1 N HCl and then, after filtering, was thoroughly mixed with 
600 ml. of 0-1 N Ba(OH), in a mortar. After standing for 16 hr. in the cold, 
the fuller’s earth was filtered off and the elution repeated. The eluates were 
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neutralized with H,SO, immediately after being filtered from the fuller’s earih. 
In order to remove the lactoflavin present, the combined eluates were treated 
at pH 8 with a slight excess of a solution of basic lead acetate (containing approxi- 
mately 7 g. basic lead acetate). After standing 16 hr. in the cold, the precipitate 
was filtered off, the filtrate treated with H,S, the lead sulphide filtered off and the 
final filtrate reduced in vacuo to a volume of 250 ml. (1 ml.=2 g. yeast, dry wt.). 
This material will be referred to as the yeast fuller’s earth eluate. 

For the following experiments the yeast fuller’s earth filtrate was further 
purified by three additional adsorptions with fuller’s earth at pH 3, 50 g. fuller’s 
earth per litre of filtrate being used for each adsorption. 

The additional growth-promoting action of the eluate fraction on rats 
receiving vitamin B,, lactoflavin and the purified fuller’s earth filtrate was 
striking (Table I, Exp. 2 and Fig. 2). Rats receiving daily the eluate solution 
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Fig. 2. Growth of young rats on a basal diet free from B-vitamins and receiving daily 10-20) 
vitamin B, hydrochloride and one or more of the following components of the vitamin B, 
complex: L=50y lactoflavin. F = purified fuller’s earth filtrate = 1 g. yeast, dry wt. E =fuller’s 
earth eluate =2 g. yeast, dry wt. The arrows indicate the points at which the doses were 
changed. Curves A, B, C, 3 rats. Curves A’, B’, C’, D, G, 2 rats. The figures in brackets 
indicate the number of rats from which the growth curves were derived. 


(=2 g. yeast, dry wt.) supplemented by the filtrate fraction (=1 g. yeast, dry 
wt.) and 50y of lactoflavin showed weight increases of about 24-32 g. weekly, 
according to their sex, over a 4-week period (curves A’ and A). This is a growth 
rate of the same order as that attained by rats maintained on experimental diets 
with untreated yeast extract as source of the B-vitamins, or on a good mixed 
diet of natural foodstuffs. The growth rate obtained with litter-mate rats receiving 
lactoflavin supplemented only by the fuller’s earth filtrate (1 g. yeast, dry wt. 
daily) was approximately 15-20 g. weekly for 4 weeks (curves B’ and B), and 
was little affected by doubling the dose of the filtrate fraction, but it was greatly 
enhanced by the addition of the eluate fraction. Feeding of the eluate fraction 
in doses equivalent to 2 g. dried yeast daily supplemented by lactoflavin caused 
an initial increase in growth (curves C and C’) similar to that obtained when 
the filtrate fraction was fed with lactoflavin, but, after about 10 days when the 
animals had gained approximately 30 g., the growth slackened sharply; doubling 
the eluate dose at the end of 2 weeks had little or no effect on the growth 
rate, while the addition of the filtrate fraction to the diet caused a marked 


increase. 
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Since only a slight or negligible effect on the growth rate was observed by 
doubling the doses of either the filtrate fraction or the eluate fraction it may be 
assumed that a fairly complete separation of these two growth-promoting 
vitamins had been attained. The eluate fraction, having been treated with basic 
lead acetate, contained no lactoflavin, and rats receiving this fraction and 
vitamin B, only did not show any increase in weight, nor did they grow when 
these were supplemented with the filtrate fraction (curves D and G). This again 
illustrates the fact [see Edgar et al. 1937] that lactoflavin is the most active of the 
growth-promoting vitamins of the B, group, since in its absence all growth was 
checked, while the absence of one or both of the other factors resulted only in 
limitations of the growth if the lactoflavin were present in the diet. 

The regularity of the growth response of the animals to the various factors 
wasstriking, the effects being evident in 1 week or even less. When all three vitamin 
B, components were present, the average increase in weight during the first 
week was 28-35 g.; in the absence of either the eluate fraction or the filtrate 
fraction it was 18-23 g. By the end of the second week a difference was apparent, 
absence of the filtrate fraction resulting in a marked slackening in the growth 
rate during the second week, while in the absence of the eluate fraction the 
initial suboptimum growth rate was maintained for 3-4 weeks. 


Relation of the filtrate and eluate fractions to rat dermatitis 


The curative actions of the yeast fuller’s earth filtrate and the yeast fuller’s 
earth eluate for the symmetrical dermatitis, developed by rats maintained on a 
diet containing only vitamin B, and lactoflavin of the vitamin B complex, are 
being investigated. The generalized skin affection developed in rats deprived 
of lactoflavin is known to be a specific sign of this deficiency and responds 


promptly when lactoflavin is given [Copping, 1936]. 


Discussion 


Yeast contains all the vitamins of the B group; indeed, the B-vitamins are 
often defined as the water-soluble essential food factors contained in yeast. The 
complex nature of yeast extracts, however, has induced many investigators to 
use other materials as sources of the B-vitamins. This policy has met with con- 
siderable success, the most important achievement of recent years being the 
isolation of lactoflavin from whey by Ellinger & Koschara [1933, 1, 2] and from 
whey and egg white by Kuhn e¢ al. [1933, 1, 2, 3]. Warburg & Christian [1932], 
however, had previously obtained preparations of the yellow oxidation enzyme 
from yeast which have since been shown to contain the lactoflavin molecule and 
to possess vitamin activity. In this laboratory fractionation of yeast extracts 
has offered the most hopeful method for complete biological characterization of 
the vitamin B complex, although isolation of individual factors may be found 
simpler from other materials. 

Although our understanding of all the dietary factors present in the vitamin B 
complex is still very incomplete, the differentiation of the factors present in 
yeast described in this paper will, it is hoped, clarify this problem. The “vitamin 
B,”’ from wheat germ or fish muscle, described by Gyérgy [1935, 1, 2] and Birch 
& Gyorgy [1936], does not appear from its chemical and physical and dermatitis- 
curing properties to be identical with the rat growth factor present in the 
yeast fuller’s earth filtrate fraction [see Edgar & Macrae, 1937] but resembles 
rather the factor present in the eluate fraction; further investigations must 
decide this point. The fuller’s earth filtrate factor, however, appears to be 
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similar in its properties to the filtrate obtained from fuller’s earth treatment 
of liver extract, first described by Elvehjem & Koehn [1935], and later 
investigated and named the “‘filtrate factor’’ by Lepkovsky & Jukes [1936]. 
This factor prevents dermatitis and restores growth in chicks fed on a heated 
grain diet [Kline et al. 1932], but only manifests its activity in rats by its growth- 
promoting action. Whether this chick antidermatitis factor is identical with the 
rat growth factor is open to discussion. 

The factor obtained by Lepkovsky eé al. [1936] from the fuller’s earth 
adsorbate from rice bran extracts, which cured rat dermatitis, may be similar to, 
or identical with, the factor described in this paper, contained in the eluate 
fraction from fuller’s earth adsorbates of yeast extract. Their preparation from 
rice bran stimulated further the growth rates of rats receiving lactoflavin and the 
“filtrate factor’, just as in our observations the growth rates of animals re- 
ceiving lactoflavin and the yeast extract filtrate fraction were enhanced by the 
addition of the yeast eluate preparation. 

In this laboratory the growth rates of rats receiving both the filtrate and 
eluate fractions from yeast supplemented by optimum doses of lactoflavin 
(50y daily) were comparable with those of rats receiving good mixed diets, 
weekly averages of 32 and 24 g. being maintained by the males and females 
respectively. Lepkovsky et al. [1936] obtained similar growth rates by feeding 
40y daily of lactoflavin with the eluate fraction from rice bran and the filtrate 
fraction from liver. The importance of lactoflavin as a growth-promoting factor 
is illustrated by the experiments described in our previous paper [Edgar e¢ al. 
1937]. Halliday & Evans [1937] reported only subnormal growth rates (average 
gain of 22-32 g. in 4 weeks) when they fed both eluate and filtrate fractions 
from wheat and other sources, supplemented by only 5y daily of lactoflavin; 

. in their experiments the effect on growth of omitting either the eluate or the 
filtrate fraction was much less noticeable than in those carried out in this 
laboratory, where the rats were receiving much larger doses of lactoflavin. It 
appears to be necessary, in order to distinguish other factors of the vitamin B, 
complex, to supply the optimum requirement of lactoflavin in the diet. This 
would have the further advantage of eliminating any effect on growth rate that 
would arise from the presence of lactoflavin in the substance tested. 

An additional rat growth factor present in the alcohol-ether precipitate 
from liver extracts has been described by Elvehjem e¢ al. [1936], but from the 
method given for preparation of this fraction, it would appear that any or all 
of the water-soluble essential rat factors present in liver might be contained in 
this precipitate. 

The work of Reader [1929; 1930] postulating the existence in the B group 
of vitamins of ‘‘vitamin B,”’, a second heat-labile factor, distinct from vitamin 
B,, has not been confirmed [Kinnersley e¢ al. 1935; O’Brien, 1934]. Recently, 
however, the existence of “vitamin B,” has been supported by Keenan eé al. 
[1933] and by Kline et al. [1936, 1, 2]. The fact that yeast extracts autoclaved 
at pH 5 at 120° for 5 hr. completely satisfy the vitamin B requirements of rats 
when supplemented with crystalline vitamin B, hydrochloride indicates that no 
other heat-labile dietary factor is essential for rat nutrition. 

Fouts et al. [1936] have reported successful treatment of human pellagra 
with their “filtrate factor’ from liver, while Koehn & Elvehjem [1936] used it 
for the cure of black tongue in dogs. It is pointed out by Jukes [1937] that 
foods found to be rich in the ‘‘filtrate factor’’, when tested by the chick growth 
method, are not those rich in pellagra-preventive (P-P) factor, i.e. not found to 
be of value in the prevention of human pellagra. It seems therefore probable 
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that this chick growth factor is not identical with the pellagra-preventive 
(P-P) factor. It would be of interest to repeat these tests using a rat growth 
method, for it is possible, as already stated, that the chick-antidermatitis and 
growth factors might not be identical with the rat growth factor. 


SUMMARY 


1. Two heat-stable factors, necessary for the optimum growth of rats main- 
tained on a vitamin B-free diet and receiving lactoflavin and vitamin B, , have 
been separated from yeast. One factor is present in the filtrate, after exhaustive 
extraction with fuller’s earth of an autoclaved acid aqueous yeast extract, while 
the second is contained in the eluate from the fuller’s earth adsorbate after the 
removal of the lactoflavin. 

2. The growth rates of rats receiving both the eluate and filtrate fractions 
supplemented by vitamin B, and optimum doses of lactoflavin were similar to 
those of rats receiving a good mixed diet of natural foodstuffs. 

3. Vitamin B, appears to be the only member of the B group of vitamins 


which is destroyed by autoclaving at pH 5 at 120°. 


We wish to thank Dr H. Chick for her continued interest and advice and Sir 
Charles Martin for his helpful suggestions. We gratefully acknowledge gifts of 
lactoflavin from Dr Sydney Smith, of Messrs Burroughs Wellcome & Co., of a 
specimen of natural vitamin B, hydrochloride from Prof. Suzuki and of a specimen 
of synthetic vitamin B, hydrochloride, prepared by I. G. Farbenindustrie, from 


Sir Henry Dale. 
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In a previous paper of this series [1937], dealing with the vitamin B, complex, 
we described the separation from autoclaved yeast extract of two heat-stable 
dietary factors essential for nutrition of the rat in addition to lactoflavin. One 
of these factors was adsorbed when yeast extract was treated with fuller’s earth 
at pH 1-4 and was afterwards eluted from the fuller’s earth with Ba(OH),; 
this we have called the yeast fuller’s earth eluate factor. The second constituent 
was present in the filtrate after fuller’s earth treatment of the yeast extract; 
this we have called the yeast fuller’s earth filtrate factor. 

The present paper contains the results of an investigation of the physical 
and chemical properties of the filtrate factor, and of an attempt to obtain it in 
a purified state. A comparison is also given of its properties with those of other 
heat-stable factors of the vitamin B complex described by other workers. 


EXPERIMENTAL 


Biological tests were the only possible method of tracing the active fractions 
through the various processes employed. The criterion used was the stimulation 
of growth in young rats on diets containing vitamin B, and lactoflavin. When the 
greater part of this work was carried out we had not succeeded in separating 
the eluate factor, and therefore the increases in weight following administration 
of the filtrate factor are probably not as striking as they would have been if the 
eluate factor had been supplied in the basal diet. They were, however, definite 
enough to enable us to trace the presence of the filtrate factor in the materials 
tested. 

Young rats were prepared for the routine testing of the fuller’s earth filtrate 
factor from yeast by the method described in the preceding papers [Edgar et al. 
1937; Edgar & Macrae, 1937]. The same basal diet was used and the rats each 
received 0-2 ml. of cod liver oil and 10y of vitamin B, hydrochloride daily or 
0-05-0-1 ml. of Peters’s vitamin B, concentrate. After being constant in weight 
for several days, they received the test doses supplemented by 12y daily of lacto- 
flavin; 3 rats were used for each test and the growths were observed for a period 
of 4 weeks. The results were generally taken as positive when the average weekly 
weight increase was 10 g. or more. As shown in the previous communication, 
12y daily of lactoflavin alone produces weight increases of approximately 6 g. 
weekly for a period of 3 weeks. Some variation has been noted occasionally in 

1 Francis Maitland Balfour Student (Newnham College, Cambridge), 1934-6. 
( 893 ) 56—2 

















894 C. E. EDGAR AND T. F. MACRAE 


the growth responses of rats from different litters, but within a litter, growth 
responses were fairly regular, and therefore the different preparations obtained 
from one fractionation were tested on litter-mates, one rat of the litter being 
given lactoflavin alone as a control. More stress was laid on the relative growths 
shown by litter-mates dosed with the various fractions and the lactoflavin control 
rat than on the actual increases in weight obtained. 

The fuller’s earth filtrate was prepared as described by Edgar et al. [1937] 
by extraction of 11. of aqueous yeast extract (1 ml.=0-5g. yeast, dry wt.), 
autoclaved for 5 hr. at 120° at pH 5, adjusted to pH 1-4, with 2 portions of 50 g. 
each of fuller’s earth. 

The experimental details of all the processes investigated are given below, 
and the results of the animal tests are given in Table I. Full descriptions are 
given in the hope that they may be useful to other workers and prevent mis- 
understanding. 

Exp. 1. Stability. (a) To acid. To 200 ml. of the fuller’s earth filtrate 10 g. of 
concentrated H,SO, were added and the mixture was immersed for 2 hr. in a 
vigorously boiling water-bath. The sulphuric acid was removed with Ba(OH),. 
Some darkening occurred during the heating, but there was no loss of activity. 

(b) To alkali. 20g. of very finely ground Ba(OH),, 8H,O were added to 
200 ml. of fuller’s earth filtrate previously adjusted to pH 8 by the addition of 
Ba(OH),. The mixture was heated as above for 2 hr., after which the Ba(OH), 
was removed with H,SO,. No darkening occurred, and the vitamin was un- 
affected. 

Exp. 2. Stability to light. (a) Sunlight. Clear glass bottles containing fuller’s 
earth filtrate adjusted to pH 3 and pH 10 were exposed daily during 3 summer 
months to direct sunlight, thereby receiving about 200 hr. of sunshine. Controls 
in dark glass bottles wrapped in brown paper were also kept under the same 
conditions. All solutions at the end of this period were fully active. 

(b) Ordinary electric light. Fuller’s earth filtrate was exposed at pH 3 or 
10 for 24 hr. in very thin layers at a distance of 21 cm. from an Osram 500 W. 
gas-filled clear lamp, the solutions being kept cool by a fan. A control solution 
at pH 10 was not irradiated. There was no destruction of vitamin by this ir- 
radiation either at pH 3 or 10. 

(c) Ultraviolet light. Very thin layers of fuller’s earth filtrate at pH 3 and 10 
were placed 14 cm. distant from a quartz mercury are lamp and irradiated for 
10 hr., cooling being effected by standing the dishes in running water. Control 
solutions at pH 3 and 10 were also exposed with thick glass screens between the 
lamp and the solutions. There was no destruction of vitamin. 

Exp. 3. Adsorption experiments. (a) Fuller’s earth at pH 10 and 8. 100 ml. 
portions of fuller’s earth filtrate were adjusted to pH 8 and approx. 10. Each 
portion was treated twice with 10g. portions of fuller’s earth (B.D.H. “for 
adsorption purposes”). Both filtrates were fully active, showing that little or 
no vitamin had been adsorbed. 

(b) Al(OH)3;Cy. The adsorbent was prepared according to the method of Will- 
statter et al. [1925]. 200 ml. of fuller’s earth filtrate, adjusted to pH 4, were cooled 
in ice and treated with 27 ml. of a suspension of Al(OH),Cy (1 ml.=18-5 mg. 
Al,O,). After shaking for 10 min. the Al(OH), was centrifuged out. The ad- 
sorption was repeated 4 times. The total adsorbate was washed with 50 ml. 
M/10 acetate buffer at pH 4 and suspended in, 100 ml. M/4 Na,HPO,. After 
14 hr. the Al(OH), was centrifuged down and again eluted with an equal volume 
of Na,HPO,. The eluates were mixed. No activity was detectable in the eluate 
whilst the filtrate appeared to have its full activity. 
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(c) Norite charcoal. 400 ml. of fuller’s earth filtrate were adjusted to pH 2-5 
with HCl and treated 4 times with 5 g. portions of norite. The norite was washed 
once with /10 HCl and then eluted with 250 ml. of 0-25 N NaOH, being 
allowed to stand overnight. The elution was repeated with an equal volume of 
0-25 NV NaOH. In another experiment elution was accomplished by heating the 
norite on a water-bath with glacial acetic acid. 

Further adsorptions with norite were carried out at pH 8-2, 7 and 1-2, also 
using 0-25 N NaOH as eluant. Adsorption was best at pH 2-5 and 1-2. At 
pH 8-2 and 7 little adsorption occurred. Good elution was obtained with NaOH 
or glacial acetic acid, but in one experiment using 0-1 N Ba(OH), as eluant, the 
eluate was inactive. 

Exp. 4. Electrodialysis. The alcohol-soluble portion from 400 ml. of fuller’s 
earth filtrate, dissolved in 800 ml. H,O (pH 2-6), was put in the centre chamber 
of a 3-chambered cell divided by cellophane membranes which were permeable 
to the factor [Chick e¢ al. 1935]. The anode and cathode chambers were filled 
with distilled water and all chambers were cooled by coils through which cold 
water flowed. The current was approximately 1-1-5 amp. and the voltage 
was 100-200 V. After 14 hr. fresh water was put in the anode and cathode 
chambers and the dialysis continued for a further 53} hr. No attempt was made 
to regulate the pH in the chambers. The solution in the centre chamber remained 
at approximately pH 2-6. The pH of the anode solution fell to 2-4 while that 
of the cathode solution rose to approximately 11 before the fluid in the chambers 
was changed and to pH 9-2 after the fresh water had been added. At the end of 
the dialysis approximately 65% of the nitrogen in the original material had 
migrated to the cathode, while 5°% was in the anode solution. The remainder 
was in the centre chamber solution. The animal tests were not very satis- 
factory, but it appeared that most of the activity remained in the centre 
chamber. 

Exp. 5. Sublimation in high vacuum. 400 ml. of fuller’s earth filtrate were 
adsorbed with norite charcoal at pH 2-5 and the activity eluted with 0-25 V 
NaOH as described in Exp. 3 (c). The eluate, adjusted to pH 7, was evaporated 
to dryness in vacuo and the residue extracted with boiling 96° alcohol. The 
alcohol was removed and the residue transferred to a vacuum tube, which was 
then kept in a vacuum desiccator over P,O; for 2 days. A tube cooled by a 
rapid flow of cold water was inserted inside the vacuum tube, which was 
evacuated to 0-05mm. The apparatus was heated in a metal-bath to 150° for 
4 hr. The vacuum remained good during the heating. A partially crystalline 
acid sublimate was obtained on the surface of the cooled tube. This was bio- 
logically inactive, even when large doses were fed. There was some charring of 
the residue, but it retained some vitamin activity. 

Exp. 6. Solubilities. (a) 96°), Ethyl alcohol. 140 ml. of fuller’s earth filtrate 
were evaporated to dryness on the water-bath and finally in a desiccator. The 
hard resin-like material was divided as finely as possible and extracted for 20 hr. 
with 96 °% ethyl alcohol in a Soxhlet extractor. The alcohol was removed from 
the extract in vacuo and the remaining gum was taken up in water. The greater 
part of the activity was found in the alcohol-soluble portion. 

In a second experiment, the gum which separated from the alcohol extract 
as the extraction proceeded was removed and tested separately; it contained no 
activity. 

(b) Acetone. Dried fuller’s earth filtrate was extracted with purified acetone 
in a Soxhlet extractor for 30 hr. The extract was quite inactive even when fed in 
large amounts. The portion insoluble in acetone was active. 
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(c) Precipitation with acetone. 100 ml. of a solution of the vitamin were 
prepared by elution with glacial acetic acid of a norite adsorbate obtained from 
600 ml. of fuller’s earth filtrate and were mixed with 11. of acetone. After 
standing overnight in the cold the acetone solution was decanted from the gummy 
precipitate. Acetone was removed from both fractions in vacuo. Some activity 
appeared to be present in the precipitate, but the greater part was found in the 
soluble portion. 

Exp. 7. Precipitation with precipitants for bases. (a) Picric acid. 400 ml. of 
fuller’s earth filtrate were adjusted to pH 7-2 and a hot solution of 7 g. of picric 
acid in 100 ml. H,O added. After standing overnight in the cold the crystalline 
picrate precipitate was filtered off and the excess picric acid was extracted from 
the acidified filtrate with ether. The picrate precipitate was decomposed by 
suspending in dilute HCl and extracting with ether. There was no activity in the 
decomposed precipitate while the filtrate was active. 

(b) Picrolonic acid. 400 ml. of fuller’s earth filtrate were mixed with a 
solution of 5 g. of picrolonic acid in 100 ml. of 96% alcohol (pH of the mixture 
was 4-5). The heavy precipitate was filtered after standing overnight in the cold, 
the filtrate freed from picrolonic acid with ether by the usual method and the 
picrolonate precipitate decomposed with acid and extracted with ether. All the 
vitamin activity was in the filtrate. 

(c) Reinecke acid. 15 g. of Reinecke acid in 300 ml. H,O at 60° were added to 
400 ml. of fuller’s earth filtrate (pH 4-5). On standing, a heavy precipitate was 
deposited, which was filtered off, after being kept overnight in the cold, and 
dissolved in 100 ml. of 50% acetone; 130 ml. of 1% Ag,SO, were added to the 
solution. The Ag reineckate was filtered off, the acetone removed on a water- 
bath and the excess Ag precipitated with HCl. This decomposed precipitate was 
inactive when fed to animals. 

(d) Flavianic acid. 25g. of flavianic acid, dissolved in 125 ml. H,O, were 
added to 400 ml. of fuller’s earth filtrate, NaOH being added to pH 4-5. A heavy 
precipitate was obtained, which was filtered off after standing overnight in the 
cold. The filtrate was treated with 100g. of basic lead acetate and the pH 
adjusted to 8, the lead salts were filtered off and excess lead removed from the 
filtrate with H,S. The flavianic acid precipitate was decomposed by dissolving 
in H,O and adding basic lead acetate at pH 8. The filtrate had full biological 
activity, whilst the decomposed precipitate was inactive. Filtrates from 
flavianic acid precipitations at more acid reactions were also active. 

(e) Phosphotungstic acid. 200 ml. of fuller’s earth filtrate were mixed with a 
solution of 40 g. of purified phosphotungstic acid in 200 ml. H,O and conc. 
H,SO, was added to pH 1. After standing 24 hr. with occasional stirring, the 
precipitate was filtered off. The filtrate, after removal of the excess phospho- 
tungstic acid by the usual means, was found to have vitamin activity approxi- 
mately equal to that of the original fuller’s earth filtrate. 

Exp. 8. Treatment with precipitants for acids. (a) Copper acetate. 30g. of 
copper acetate dissolved in 300 ml. of hot water were added to 400 ml. of fuller’s 
earth filtrate at pH 4. A heavy precipitate was obtained which was filtered 
off after standing overnight in the cold. The precipitate was decomposed with 
H,S, but was found to contain no biological activity. The filtrate, freed from Cu 
with H,S, was active. 

(6) Basic lead acetate. 100 ml. of fuller’s earth filtrate were adjusted to pH 8 
and 110 ml. of a 10% solution of basic lead acetate were added. After 16 hr. in 
the cold the precipitate was filtered off and, after washing, was decomposed 
with H,S. The filtrate was also treated with H,S. The activity was again found 
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in the filtrate. In earlier experiments treatment with lead acetate at pH 4 did 
not precipitate the activity. 

(c) Mercurie sulphate. 200 ml. of fuller’s earth filtrate were treated with 
125 ml. of 10% mercuric sulphate in 3 N H,SO,. After standing overnight in 
the cold, the precipitate was filtered off. The precipitate and filtrate were 
treated with H,S and sulphate was removed from the filtrate. The decomposed 
precipitate was inactive and the filtrate active. 

(d) Silver sulphate at pH 7. 400 ml. of fuller’s earth filtrate at pH 7 were 
shaken with 20 g. of finely ground Ag,SO, for 6 hr. at room temperature. The 
pH was maintained at 7 by the addition of small quantities of NaOH. After 
standing overnight in the cold a dark brown precipitate was filtered off; silver 
ions were present in the filtrate. The precipitate was decomposed with H,S 
and the filtrate was also treated with H,S. The activity was present in the 
filtrate. 

(e) Barium hydroxide in 90°), ethyl alcohol. The glacial acetic acid eluate, 
obtained by adsorbing 600 ml. of fuller’s earth filtrate with norite and eluting as 
described under Exp. 3 (c), was freed from acetic acid and taken up in 100 ml. 
of H,O. 900 ml. of absolute ethyl alcohol were added and then 0-3 NV Ba(OH), 
very gradually, the mixture being stirred vigorously and alcohol added to 
maintain the alcohol concentration at 90%. After the addition of approximately 
140 ml. of the Ba(OH), solution no further precipitate appeared on addition 
of more Ba(OH),; the pH was 8-5. After keeping overnight in the cold the 
precipitate was filtered off, washed with alcohol, dissolved in water and 
the barium precipitated with H,SO,. The alcohol was removed from the 
filtrate in vacuo and the excess barium precipitated. The greater part of the 
activity was present in the decomposed precipitate, whilst the filtrate was 
inactive. In another experiment, the precipitation was carried out in 80% 
alcohol and the activity was shared about equally between the filtrate and 
precipitate. 

Exp. 9. Effect of heating with acetic anhydride. The alcohol-soluble portion 
from 400 ml. of fuller’s earth filtrate was dried to a gummy residue; 5 g. of 
anhydrous sodium acetate and 100 g. of freshly distilled acetic anhydride were 
added, and the mixture was heated under anhydrous conditions for 3 hr. on a 
water-bath; the gum gradually dissolved. The acetic anhydride was then removed 
in vacuo on a water-bath. 150 ml. H,O were added and the gum partially 
dissolved. The insoluble portion was thoroughly extracted with water and 
hydrolysed in the cold with 0-5 N NaOH. The water-insoluble acetyl fraction 
was not active, whilst the fraction which was water-soluble after treatment 
with acetic anhydride showed some activity, although it was difficult to test 
since it contained a great deal of acetate. 


Discussion 


A summary of the results of this work and of those of other workers is given 
in Table II. Our yeast fuller’s earth filtrate factor was not destroyed by visible 
or ultraviolet light or by heating with strong acid or alkali. It was adsorbed by 
relatively large amounts of norite charcoal, the adsorption being more complete 
from acid solution; no adsorption occurred by treatment with fuller’s earth at 
various reactions or with aluminium hydroxide at pH 4. The activity dialysed 
freely through a cellophane membrane, but little or no activity migrated to the 
cathode when a solution at pH 2-6 was electrodialysed. The factor was readily 
soluble in ethyl alcohol, it did not sublime when the neutral gum left after 
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evaporation of the alcohol was heated in a high vacuum at 150°. It was pre- 
cipitated by barium hydroxide from 90% alcoholic solution. It was insoluble 
in acetone, but addition of 10 vol. of acetone to an aqueous solution only 
partially precipitated the activity. No activity was precipitated by the following 
reagents: picric acid, picrolonic acid, Reinecke acid, flavianic acid, phospho- 
tungstic acid and salts of copper, silver, lead and mercury. The factor did not 
give a water-insoluble derivative when treated with acetic anhydride. 

The following is a short summary of the properties of the constituents of the 
vitamin B complex, other than vitamin B, and lactoflavin, described by other 
workers. 

Gyorgy et al. [1934] reported that a rat growth factor supplementing lacto- 
flavin was present in Peters’s ‘“B,+B,” concentrate and in aqueous yeast 
extracts which had been treated with fuller’s earth. This factor was not pre- 
cipitated by mercury salts but was precipitated by picric acid; it was partially 
adsorbed by fuller’s earth, some activity being found in the pyridine eluate 
from the fuller’s earth adsorbate. Wheat germ and fish muscle autolysates and 
other food materials were investigated by Gyérgy [1935] and Birch & Gyérgy 
[1936] as sources of “vitamin B,”, which was assayed by its power of curing the 
dermatitis which developed in rats receiving lactoflavin alone of the B,-vitamin 
complex. The activities of the preparations were destroyed by light and the 
factor was adsorbed by fuller’s earth at pH 2-5 and 5-0 but not by norite charcoal 
at pH 6. It was precipitated by phosphotungstic acid but not by picric acid or 
by salts of mercury, silver and lead; benzoylation inactivated the factor; on 
electrodialysis it migrated to the cathode. Jansen et al. [1935] reported that 
a factor present in aqueous yeast extracts, necessary for growth of rats receiving 
vitamin B, and lactoflavin, was precipitated by silver nitrate or by lead acetate 
in neutral or alkaline solution, but not by mercury or copper salts; it was not 
adsorbed by fuller’s earth, but was adsorbed by large quantities of supranorite 
from alkaline solution. Hogan & Richardson [1936] stated that the factor 
present in yeast or rice bran extracts which cured the dermatitis developing in 
rats receiving a fat-free diet supplemented by lactoflavin was adsorbed on fuller’s 
earth and was not destroyed by light. 

A dietary factor present in the fuller’s earth filtrate from aqueous liver 
extracts was first described by Elvehjem & Koehn [1935] and later investigated 
by Lepkovsky & Jukes [1936]; Lepkovsky et al. [1936] and Jukes [1937]. This 
“filtrate factor” was identified by its growth-promoting action when fed to 
chicks receiving a heated grain diet [Kline et al. 1932] supplemented by lacto- 
flavin; it also cured the dermatitis which chicks developed on this diet and had 
a growth-promoting action for rats receiving a synthetic diet supplemented by 
lactoflavin, but it did not cure rat dermatitis. This ‘filtrate factor’? was not 
precipitated by phosphotungstic acid, by barium hydroxide in 80% alcohol 
or by basic lead acetate; it was not adsorbed by fuller’s earth or norite; it was 
readily soluble in ethyl alcohol and was extracted from acid solution by butyl 
or amyl alcohol; it was comparatively stable to oxidizing agents and was not 
destroyed by nitrous acid or by treatment with benzoyl chloride. 

Comparison of the properties of our yeast fuller’s earth filtrate factor with 
those of “‘vitamin B,”’ as described by Birch & Gyérgy [1936] show the two to 
be distinct from each other. ‘‘ Vitamin B,” had basic properties, as shown by its 
migration to the cathode on electrodialysis and by its precipitation with phos- 
photungstic acid; our yeast filtrate factor, on the other hand, appears to have 
no basic properties, and its precipitation by barium hydroxide in alcohol 
suggests an acidic nature. The differences recorded in the behaviours of the two 
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factors on exposure to light and to treatment with fuller’s earth also show that 
they are not identical. Similarly there are marked differences between our yeast 
fuller’s earth filtrate factor and those described by Jansen et al. and Hogan & 
Richardson. 

On the other hand a similarity exists between our factor contained in the 
fuller’s earth filtrate from yeast and the liver “‘filtrate factor” of Lepkovsky & 
Jukes [1936]. The latter also had acidic properties, as indicated by the fact 
that it could be extracted from acid solution by amy] alcohol and removed from 
the amyl alcohol extract by dilute NaOH [Elvehjem & Koehn, 1935]. The 
behaviour of the two factors to phosphotungstic acid and other precipitants are 
also in agreement. Lepkovsky & Jukes [1936] did not observe adsorption of 
their ‘filtrate factor” by norite, while our yeast factor was adsorbed by norite, 
but under very different experimental conditions from those used by Lepkovsky 
et al. The filtrate factor from yeast was partially precipitated by barium hydroxide 
in 80% alcohol, but that from liver was not precipitated by this treatment. 


SUMMARY 


1. A description is given of the behaviour to many physical and chemical 
agents of the heat-stable constituent of the vitamin B complex, necessary for the 
growth of rats, found in aqueous autoclaved yeast extracts after repeated 
adsorption with fuller’s earth in acid solution. 

2. This yeast extract filtrate factor is probably acidic in character since it is 
precipitated by barium hydroxide in 90% alcohol. 

3. Comparison of the properties of this factor suggest that it is distinct from 
“vitamin B,” described by Gyérgy, but perhaps identical with the “filtrate 
factor” from liver extracts described by Lepkovsky et al. 


We wish to thank Dr H. Chick for her continued interest and advice and Sir 
Charles Martin for his criticism. We gratefully acknowledge the gifts of lacto- 
flavin from Dr Sydney Smith of Messrs Burroughs Wellcome & Co., of a specimen 
of natural vitamin B, hydrochloride from Prof. Suzuki and of a specimen of syn- 
thetic vitamin B, hydrochloride, prepared by I. G. Farbenindustrie, from Sir 
Henry Dale. 
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In Part I [Suthers & Walker, 1932] reference was made to the hypothesis 
advanced originally by Chrzaszez & Tiukow [1930], that the conversion of 
hexoses into citric acid by mycological agency occurs in two distinct phases: 
first, one of alcoholic fermentation and oxidation of the alcohol to acetic acid; 
and secondly, one of dehydrogenation processes whereby three molecules of 
acetic acid are condensed in several steps to citric acid. 

Butkewitsch & Gajevskaya [1935] drew attention to the fact that the maxi- 
mum yield of citric acid which could be obtained from 100 g. of sugar metabolized 
by A. niger, assuming the sugar to undergo a preliminary process of alcoholic 
fermentation, could not be greater than 71-1 g., whereas, if the conversion were 
to be effected by a mechanism which involved no loss of carbon, the yield would 
be 106-7 g. In quantitative experiments with a selected strain of A. niger they 
obtained yields of citric acid as high as 89-1 g. from 100 g. of glucose and as high 
as 100-6 g. from 100 g. of sucrose utilized by the organism. 

Wells e¢ al. [1936] determined the carbon balance when a strain of A. niger, 
capable of giving consistently high yields of citric acid from glucose, was grown 
on glucose as the sole source of carbon. From the utilization of 100 g. of glucose 
the maximum yield of citric acid was found to be 88-6 g. They observed also that 
the ratio of the weight of citric acid produced to the weight of carbon dioxide 
liberated exceeded 1-45: 1, which could not have been possible had the citric 
acid arisen via preliminary alcoholic fermentation. Finally, to this evidence 
may be added the statement of Clutterbuck [1936] that, during the investigations 
of Raistrick and his colleagues with A. niger, yields of citric acid as high as 87 g. 
per 100 g. of sugar consumed were obtained on numerous occasions. 

Three years ago the present authors commenced to investigate the question 
as to whether citric acid production from sugar is dependent on an initial process 
of alcoholic fermentation by studying the behaviour of A. niger and of other 
moulds in the presence of iodoacetic acid [cf. Walker, 1936]. The evidence then 
obtained [Johnson, 1934] indicated that formation of citric acid could proceed 
in normal yield in the presence of iodoacetic acid at a concentration (J//500) 
which was sufficient to cause total inhibition of alcoholic fermentation by the 
various moulds in atmospheres of nitrogen or of carbon dioxide. During the 
course of our work we were informed by Prof. T. A. Bennet-Clark that he had 
observed the formation of citric acid from sugar by a species of Penicillium in the 
presence of a concentration of free iodoacetic acid which was sufficient to inhibit 
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the formation of alcohol by this particular mould when placed on a sugar medium 
in the absence of oxygen. 

Hence, provided that the inhibiting action of /500 iodoacetate on certain 
components of the zymase complex is exercised to an equal extent under both 
anaerobic and aerobic conditions, it follows from these results that we can 
legitimately conclude that alcoholic fermentation is not an essential phase in 
the formation of citric acid by moulds. Whilst we cannot offer direct proof that 
the mechanism of the action of iodoacetate on the enzymic processes of a mould 
is exactly the same in air as in nitrogen the following explanations, in our view, 
render it very probable that in the case under discussion the inhibiting activity 
is exercised in a manner which is independent of the presence or absence of 
oxygen. According to Meyerhof & Kiessling [1933 ; 1935] iodoacetic acid prevents 
the oxidation of triosephosphoric acid to phosphoglyceric acid, a reaction which 
constitutes one particular stage of alcoholic fermentation by enzyme preparations, 
and which is effected by acetaldehyde, the latter being reduced to alcohol. Now 
upon the completion of this coupled reaction depends the simultaneous phos- 
phorylation of a second molecule of glucose by the inorganic phosphate which is 
present, followed by decomposition of the product, presumably into triose- 
phosphate. Hence, iodoacetic acid directly inhibits one stage and, in so doing, 
it prevents at the same time the occurrence of another stage of the process. 

In the transference of phosphoric acid groups during the processes which con- 
stitute alcoholic fermentation it is now considered probable that the main effect 
is produced by the cozymase, a complex diphosphodinucleotide containing the 
amide of nicotinic acid and adenine [cf. Warburg & Christian, 1936; Euler e¢ al. 
1935; 1936]. In the oxido-reduction reaction, previously mentioned, by means 
of which two atoms of hydrogen are transferred from triosephosphate to 
acetaldehyde, it is the pyridine nucleus of the cozymase system which functions 
as the hydrogen transporter. Now on grounds of molecular structure it is very 
probable that both the pyridine nucleus and the molecule of adenine can interact 
with iodoacetate, and possibly, also, interaction can occur between the latter 
substance and the specific protein carrier of the pyridine nucleotide. Presumably, 
it is by such chemical combinations that the prosthetic groups of one or more 
components of the cozymase are inactivated by iodoacetate, and since the 
occurrence of none of these condensations would be conditional upon either the 
presence or absence of air, it may be claimed that our experimental results 
afford reasonable justification for the view that the formation of citric acid by 
moulds does not depend upon a prior process of normal alcoholic fermentation, 
and our findings thus fall into line with the conclusions reached by others on the 
evidence of percentage yields. It will be understood, however, that this decision 
need not imply that no part of the mechanism of alcoholic fermentation is called 
into play in the formation of citric acid, for it is conceivable that here also 
phosphorylation of the hexose molecule may constitute one of the first stages of 
the transformation. Such a preliminary phosphorylation, moreover, need not be 
considered to be out of harmony with the subsequent occurrence of reactions 
such as those suggested by Raistrick & Clark [1919] as a possible scheme of 
citric acid formation, and a scheme which, it may be stated, would be capable of 
giving the aforementioned high yields. 


EXPERIMENTAL 


The strains of Aspergillus niger which were used in this work were all pure 
cultures obtained from different sources and they were designated N 1, N 2, 
B7, B7a, B 12, B 16 and T respectively. All were known to afford citrie acid 
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from glucose when cultivated under normal conditions, but the yields of this 
acid from 10% glucose medium had been found generally to be low, varying from 
about 6 to 30% of the weight of sugar consumed, according to the particular 
strain and to the conditions of cultivation. All the strains were known also to 
be capable of giving rise to oxalic acid and to much gluconic acid in addition to 
citric acid when grown on glucose media. They were cultivated in sterile aqueous 
solutions containing NH,NO,, 0-2%; KH,PO,, 0-1%; MgSO,, 7H,O, 0-05% 
and glucose, 10 or 12-5°%. Conical flasks of 1500 ml. capacity were each charged 
with 300 ml. of this medium and, after sterilization, they were given heavy 
sowings of spores, and incubation was then carried out at 30° for about 5 days. 
At the end of this time the medium in each flask was poured away and replaced 
by 100 ml. of sterile tap water at 30°, which was introduced under the mycelium 
by means of a pipette, care being taken not to wet the top of the fungal mat. 
The flasks were then returned to the incubator for a period of 3 hours, after 
which the washing process was repeated and the flasks were again allowed to 
stand for a further period of 2-3 hr. This treatment served to denude the cells 
of the moulds of absorbed sugar and to free the cultures from any traces of citric 
acid which may have been formed though, as a rule, very little citric acid was 
produced during the first 5 days of growth. After the removal of the second 
washing water the flasks were charged each with 300 ml. of a sterile 10 or 12-5% 
aqueous solution of glucose containing a measured quantity of sodium iodo- 
acetate but no inorganic salts. Similar flasks, but without iodoacetate, were pre- 
pared as “controls,” and incubation of all of them was then resumed. In stating 
results, the number of days of incubation was reckoned in each case from the day 
on which the mycelium was washed and the flask recharged with sugar solution. 

In every case, before withdrawing a sample, the flask was gently rotated to 
ensure uniform density of its liquid contents. Sugar estimations were carried 
out by the method of Schaffer and Hartmann or by the Bertrand method; deter- 
minations of total acidity were performed by titration against standard alkali, 
and the estimations of citric and oxalic acids were carried out by the method 
recommended by Butkewitsch [1922; 1924]. In those experiments in which it 
was necessary to estimate ethyl alcohol, this was done by repeated distillation 
and determination of the specific gravity of the final distillate by use of a 
pyknometer. 

At the commencement, experiments were performed to ascertain the 
minimum concentration of iodoacetic acid (used in the form of its sodium salt) 
which was sufficient to prevent the normal germination of spores of A. niger 
sown on a medium containing inorganic salts together with 10% of glucose. It 
was found in the cases of six different strains that the critical dose necessary for 
such suppression of growth was afforded by iodoacetate at a concentration of 
M/500, and in the subsequent work this concentration was found also to be the 
minimum which could be employed in order to suppress completely the forma- 
tion of alcohol under anaerobic conditions, and to be the maximum concentration 
which permitted the formation of the normal yield of citric acid from a given 
weight of glucose submitted to the action of any one of the moulds. 

In the experiments conducted under anaerobic conditions the moulds were 
first grown under normal aerobic conditions at 30° and then, after changing the 
medium, the flasks were fitted with rubber stoppers in which Bunsen valves 
were inserted, and the air in the flasks was replaced by sterile nitrogen. Subse- 
quently, during the period allowed for fermentation, the flasks were kept at 34 
and on two occasions fresh nitrogen was passed through them. The small quan- 
tities of acid produced by the various cultures under anaerobic conditions 
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Table I 


Iodoacetic acid (as sodium salt) at concentration 7/500 in 10% glucose solution. 
Incubation in atmosphere of nitrogen at 34° for 12 days 


Alcohol produced, 
Acidity, ml. 0-1 NV % of the yield 
Glucose consumed, NaOH required to _ theoretically possible 
Strain of % of the weight neutralize 100 ml. from the weight of 
A. niger present initially of medium glucose consumed 
B7 : 13-8 None 
B12 : 13-3 None 
B16 5 6-6 None 
N ; 9-2 Mere trace detected 
12- None 


**Controls’’, in absence of iodoacetate 
7 11-0 35-9 24-3 
1: 13-9 28-3 34:3 
16 27-7 10-6 46-9 
Nl 18-6 16-8 35-4 
T 23-9 18-4 35-9 


(Table 1) were examined and found to consist of oxalic acid, the formation of 
which was rendered possible no doubt by the small amount of air occluded in the 
mycelia at the commencement of the period of anaerobiosis. 

In experiments carried out entirely under aerobic conditions it was found that, 
in the presence of iodoacetate at concentrations between M/1000 and 1/750, 
the amount of glucose consumed and the titratable acidity reached in a given 
time were both greater than the corresponding values found in the absence of 
iodoacetate. In the presence of iodoacetate at a concentration of 7/500 in a 


12-5°% aqueous solution of glucose, the results obtained were rather striking 
(Table IT) for, in the cases of three out of four strains used, more citric acid was 


Table II 


Todoacetic acid (as sodium salt) at concentration .W/500 in 12-5°% glucose solution. 
Incubation at 30° for 10 days 


Acidity, ml. Other acid, 
Glucose of 0-1 N Citric acid: (a) g. per Oxalic acid: (a) g. per calculated 
consumed, NaOH re- 100 ml. of medium; 100 ml. of medium; . as gluconic 
% ofthe quiredto (b) % of the weight (b) % of the weight acid, % of 
Strain weight neutralize of glucose consumed of glucose consumed _ the weight 
of present 100ml. of a of glucose 
A. niger initially medium (a) (d) (a) (d) consumed 
26-0 143 0-752 22-90 0-039 1-18 10-40 
86-0 323 1-110 10-31 0-202 1-87 19-23 
34:5 207 0-647 14-99 0-388 8-99 9-16 
48-0 188 0-574 9-42 0-205 3-36 17-13 


**Controls”’, in absence of sodium iodoacetate 
67-8 272 0-820 9-66 0-041 0-48 30-71 


70-8 169 0-543 6-13 0-134 1-51 12-25 
64-0 175 0-561 7-00 0-032 0-40 19-76 
66-7 170 0-509 6-10 0-019 0-24 20-45 


ZAwe 
ot 


Ww 


formed than was produced in the respective control flask and, in the fourth case, 
the amount of citric acid formed was only a little less than the quantity which 
was formed in the corresponding control flask. Expressed as a percentage of the 
glucose actually consumed, the yield of citric acid was in every case considerably 
greater in the presence of 7/500 iodoacetate than it was in the absence of the 
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latter, and another noteworthy feature was the stimulation of the production of 
oxalic acid in the presence of the iodoacetate. Both in the presence and in the 
absence of sodium iodoacetate a third acid was formed in relatively large pro- 
portions and was estimated, by difference, as gluconic acid. Subsequently, 
samples of this acid were isolated from the media containing iodoacetate and, 
on examination, were found to be identical in composition with an authentic 
sample of gluconic acid. 

When the iodoacetate was employed at a concentration of M/475 (Table ITT) 
glucose consumption showed considerable reduction compared with “controls” 
but, in two cases out of the three, the yield of citric acid calculated on the sugar 


Table ITI 


Iodoacetic acid (as sodium salt) at concentration W/475 in 10% glucose solution. 
Incubation at 30° for 9 days 


Other acid, 
calculated 
as gluconic 
acid, % of 
the weight 
of glucose 


Acidity, ml. 
of 0-1 NV 
NaOH re- 


Oxalic acid: (a) g. per 
100 ml. of medium; 
(b) % of the weight 
of glucose consumed 


Citric acid: (a) g. per 
100 ml. of medium; 
quired to (b) % of the weight 
neutralize of glucose consumed 
100 ml. of , 5 F 3 
medium (a) (b) (a) (b) consumed 
0-074 4-89 0-044 2-892 20-30 
0-048 6-08 0-013 1-662 31-51 
0-162 18-89 0-019 2-192 3°77 


Glucose 
consumed, 
% of the 
Strain weight 
of present 
A. niger _ initially 
15-17 37 
2 7:87 23 
8-57 33-5 
**Controls”’’, in absence of sodium iodoacetate 
7 53-93 120 0-430 7-98 0-027 0-50 17-13 
12 73-75 123 0-413 5-60 0-004 0-05 6-67 
1 71-74 388 0-470 6-55 1-301 18-13 7-07 


utilized was greater in the presence of the iodoacetate than in its absence. At 
concentration ./400 (Table IV) citric and oxalic acids were formed in quantities 
which, though very small, were quite sufficient for purposes of characterization 
and estimation. 


Table IV 


Iodoacetic acid (as sodium salt) at concentration M/400 in 12-5% glucose solution. 
Incubation at 30° for 13 days 


Acidity, ml. Other acid, 


Glucose 
consumed, 
% of the 
Strain weight 
of present 
A. niger initially 
15-13 
22-26 
19-70 
16-11 


44-08 
40-03 
53-92 
56-63 


Biochem. 193 


of 0-1 N 
NaOH re- 
quired to 
neutralize 
100 ml. of 
medium 
57 
67 
71 
60 


“Controls”, in absence of sodium iodoacetate 


193 
181 
328 
608 


(a) 
0-021 
0-009 
0-012 
0-087 


0-492 
0-087 
0-522 
0-722 


Citric acid: (a) g. per 
100 ml. of medium; 
(b) % of the weight 
of glucose consumed 
Kn, 


() 
1-11 
0-33 
0-50 
4-33 


8-93 
1-75 
7-74 
10-21 


(a) 
0-047 
0-036 
0-049 
0-079 


0-050 
Trace 
Trace 
2-09 


Oxalic acid: (a) g. per 
100 ml. of medium; 
(5) % of the weight 
of glucose consumed 

et, 


(5) 
2-49 
1-29 
2-00 
3-95 


0-90 


29-54 


calculated 
as gluconic 
acid, % of 
the weight 
of glucose 
consumed 
44-86 
40-57 
46-29 
27-97 


37-66 
65-75 
71-93 

8-39 
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SUMMARY 


1. Iodoacetic acid (as sodium salt) when introduced at concentrations 
between 7/750 and M/1000 into sugar solutions in contact with the fully 
developed mycelium of Aspergillus niger caused an increase both in the quantity 
of glucose consumed and in the degree of acidity produced in a given time as 
compared with control cultures in which iodoacetic acid was not present. 

2. The presence of M/500 sodium iodoacetate in a medium of glucose and 
inorganic salts was just sufficient to prevent the development therein of the 
spores of six different strains of A. niger. The same concentration afforded the 
minimum quantity per unit volume which could be employed for suppression of 
the formation of ethyl alcohol by five strains of A. niger in contact with glucose 
solutions in atmospheres of nitrogen. The same concentration was found to 
afford the maximum quantity per unit volume which, in the average experiment, 
permitted the formation of a quantity of citric acid approximating in weight to 
the weight of citric acid obtained from a corresponding “control’’ experiment 
made without iodoacetate. The presence of M/500 iodoacetate was found, how- 
ever, to diminish the weight of sugar metabolized in a given time as compared 
with the weight which was metabolized in a control experiment, hence the 
percentage yield of citric acid on the sugar used was greater in the presence of 
M/500 iodoacetate than in its absence. 

3. M/475 iodoacetate caused considerable reduction in the quantity of 
glucose metabolized in a given time but did not result in a lowering of the yield 
of citric acid as calculated on the glucose utilized. 

4. M/400 iodoacetate did not suppress entirely the formation of citric and 
oxalic acids by A. niger. 

5. Attention is drawn to the bearing of these results on views which have 
been expressed regarding the mechanism of citric acid formation by moulds. 
The experimental data indicate that the formation of citric acid from glucose by 
A. niger does not involve a preliminary process of alcoholic fermentation. 
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So-cALLED fermentation lactic acids are generally believed to be inactive, since 
it was ascertained by Phelps & Palmer [1917] and Pederson e¢ al. [1926] that 
optically inactive lactic acid was produced in many natural fermentations. 

The lactic acid in Sake was found to be the inactive form, although not only 
inactive lactic acid-producing organisms (Lactobacillus sake), but also optically 
active lactic acid-formers (Leuconostoc mesenteroides var. sake)(l-former) and d- or 
d+dl-forming varieties of Lactobacillus sake were isolated by us [Katagiri et al. 
1934], from yeast mashes for sake manufacture. Pederson et al. [1926] and 
again Tatum et al. [1932] observed that acetone-butyl alcohol-producing organ- 
isms (Clostridium acetobutylicum) affected optically active lactic acid-formers 
by causing them to form inactive lactic acid, and they suggested that this 
special property of Cl. acetobutylicum would explain the reason why fermen- 
tation lactic acids are inactive. 

Such a phenomenon would be very peculiar as was pointed out by Stephenson 
[1930], since a stereochemical specificity is observed in nature in almost all 
biochemical reactions. 

In our previous papers [1935, 1936, 1, 2, 3] it was reported that various kinds 
of dl-lactic acid-formers had the remarkable property of racemizing the lactic 
acids owing to the presence of an enzyme termed “‘racemiase” [1936, 3]. 

Direct racemization of lactic acid was also verified by us [1936, 4] with Cl. 
acetobutylicum. It was therefore concluded that the special effect of the acetone- 
butyl alcohol-producing organism in rendering the fermentation lactic acid 
inactive, would also be due to the action of the bacterial racemiase. The 
enzymic racemization of lactic acid recently has been recorded by Tatum e¢ al. 
[1936] with acetone bacteria. 

Thus the production of inactive lactic acid in natural fermentations would be 
due, in a great measure, to the racemiase of dl-lactic acid-formers. 

In the present paper the occurrence of racemiase is recorded in Staphylococcus 
ureae. Many authors have discussed the question whether the optical properties 
of fermentation lactic acids would be modified by the cultural conditions even 
when pure cultures of lactic acid bacteria were used. From this discussion it 
would appear that inactive lactic acid can be obtained when optically active 
lactic acid-formers are used under certain cultural conditions. 

In the present work, experiments were carried out with various strains of 
lactic acid bacteria, in order to ascertain whether any modification of the form 
of fermentation lactic acid would be produced by varying the conditions of 
cultivation. 
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OccURRENCE OF RACEMIASE 


In order to detect the presence of racemiase in micro-organisms in addition 
to the dl-lactic acid-formers and the acetone bacteria mentioned in the previous 
papers [1935; 1936, 1, 2, 3, 4], experiments were at first carried out with 
various kinds of organisms cultivated on 200 ml. of koji extract at 30° for several 
days. Fresh cells of these organisms were washed with water and added to 50 ml. 
of sodium lactate solution containing 1-1-1-5 g. of d-lactic acid with 1 ml. of 
toluene and kept at 30° for 48 hr. 

The cells were then collected by filtration or on the centrifuge and the weight 
determined after being dried under reduced pressure over sulphuric acid. The 
solution was acidified by sulphuric acid and the lactic acid extracted by ether, 
neutralized with zinc carbonate and successive crops of zinc lactate, obtained by 
fractional crystallization. The percentage of optically active form in the total 
amount of lactic acid was calculated by determinating the water of crystalliza- 
tion of the zinc salts and by the direct observation of the rotatory powers of the 
salts and of their supernatant liquids. 

It will be seen in Table I that racemization of d-lactic acid was never found 
with 20 kinds of organisms including yeasts, moulds and fungi imperfecti, since 
the first crop of zinc lactate was, in all the experiments, entirely composed of 
d-lactic acid, and almost all the lactic acid was recovered from the solutions in 
the d-form. 






















Table I. Action of micro-organisms upon d-lactic acid 






Zinc lactate (1st crop) 
















Period Lactic Water of 

of culti- Weight of acid erystalli- 

vation _ dried cells used Yield zation 

Micro-organism (days) (g-) (g.) (g.) (%) 

Aspergillus oryzae 4 0-248 1-47 1-330 13-29 
Charala mycoderma 8 0-171 1-52 1-166 13-10 
Citromyces glaber 6 0-321 1-45 1-411 13-42 
Cladosporium herbarum 8 0-540 1-52 1-180 12-96 
Debaryomyces membranaefaciens 4 0-312 1-19 1-032 13-10 
Monascus purpureus 8 0-324 1-32 1-219 12-79 
Monilia candida 6 0-260 1-45 1-260 12-33 
Mycoderma cerevisiae 8 0-124 1-24 1-112 13-11 
Oidium lactis 8 0-100 1-41 0-776 13-02 
O. lupuli 6 0-160 1-52 1-088 13-10 
Penicillium glaucum 5 0-322 1-54 1-541 14-12 
Pichia rosa 5 0-090 1-36 1-225 13-27 
Rhizopus delemar 5 0-175 1-32 1-368 12-68 
Saccharomyces cerevisiae 6 0-308 1-34 1-197 12-97 
S. sake 4 0-328 1-32 1-378 12-90 
Schizosaccharomyces pombe 6 0-424 1-34 1-167 13-53 
Torula luteola 6 0-102 1-36 1-144 12-20 
Torulaspora fermentati + 0-173 1-36 1-184 13-28 
Willia anomala 4 0-391 1-25 1-260 12-60 
Zygosaccharomyces barkerit 5 0-261 1-32 1-366 12-98 










Various strains of bacteria were cultured for 5 days at 30° on 200 ml. 
of nutrient broth; sodium d-lactate solution containing nearly 2 g. of d-lactic acid 
and toluene was then added and the cultures were kept at 30° for 4 days. 
Staphylococcus ureae was found to be the only bacterium of those tested which 
produced racemization of d-lactic acid, whereas the following were all inactive: 
B. butylicus, B. coli communis, B. fluorescens liquefaciens, B. lactis aerogenes, 
B. mesentericus vulgatus, B. prodigiosus, B. pyocyaneus, B. subtilis, Sarcina lutea. 
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It was found with Staphylococcus ureae that racemization occurred not only 
with d-lactic acid but also with /-lactic acid, since 53-2 and 36-6 % racemization 
of 1-6 g. of both d- and I-lactic acid respectively was produced by the bacteria. 

Occurrence of racemiase in Staphylococcus wreae was further verified by experi- 
ments recorded in Table II in which bacterial cells obtained from nutrient agar 
culture were suspended in water after being washed twice with water in the 
centrifuge. To the bacterial suspension, 1-5 g. calcium carbonate and 2 ml. of 
lactic acid were added, the volume made up with water to 50 ml., 1 ml. of toluene 
added, and after being kept at 30° for 40 hr. the solution centrifuged and 
analysed. 

Table II. Action of Staphylococcus ureae upon lactic acids 
Zine lactate (1st crop) 


Weight of Lactic acid Water of © Racemi- 
dried cells used Yield crystallization zation 


Acid (g-) (g-) (g-) (%) (%) 
d-Lactic 0-18 1-45 1-162 15-67 25 
l-Lactic 0-19 1-45 1-065 15-44 21 


It is of interest that the occurrence of racemiase is not limited to anaerobic 
bacteria such as the dl-lactic acid-formers (Lactob. sake, Lactob. plantarum, Lactob. 
spentoaceticus and Strept. lactis bulgaricus) and acetone bacteria, since Staphy- 
lococcus ureae is an aerobic organism. 


EFFECT OF CULTURAL CONDITIONS UPON THE OPTICAL PROPERTIES OF 
FERMENTATION LACTIC ACIDS 


Nencki [1891] pointed out that the optical properties of the lactic acid pro- 
duced by bacteria provided a very useful characteristic for the identification of 
the bacteria, since lactic bacteria always produced the same form of lactic acid. 
Péré [1892; 1893; 1898] observed remarkable modifications of the form of lactic 
acid produced by B. coli with various types of carbohydrate or sources of 
nitrogen, and these results were confirmed by Tate [1893] and Kayser [1894]. 

Gunther & Thierfelder [1895] suggested that B. lactis acidi (d-former) could 
spontaneously produce dl-lactic acid, while Kozai [1899] denied this, since no 
modification of the form of lactic acid was ever observed by him under various 
cultural conditions. 

The specificity of the form of lactic acid produced by lactic bacteria was 
confirmed by Currie [1911] with various sources of nitrogen and of sugar and 
was again verified by Pederson e¢ al. [1926] with various sugars. 

In view of these contradictory opinions the effect of cultural conditions upon 
the lactic acid bacteria isolated by us [Katagiri et al. 1934] from yeast mashes 
for Sake manufacture was investigated. 

(a) Effect of the type of sugar. The lactic bacteria were inoculated into 100 ml. 
of yeast extract containing 2-3 g. of sugar and 2-3 g. of calcium carbonate and 
incubated at 30° for 7 days. The lactic acid thus obtained was extracted by 
ether and the optical properties were determined as already described. 

It will be seen in Table III that no modification of optical properties of the 
lactic acids produced by Leuconostoc mesenteroides var. sake No. 34, 52, 13 and 
14 (l-formers) and by Lactobacillus sake No. 41, 24 and 53 (d-formers) was ever 
observed with various types of sugar. 

With arabinose, d-lactic acid was always produced by the dl-forming strains, 
Nos. 37 and 42, and by the dl+d-forming strains, Nos. 45, 57 and 58 of Lacto- 
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bacillus sake, although the form of lactic acid produced by these bacilli did not 
vary with the hexoses glucose, fructose, mannose and galactose. 


Table III. Effect of type of sugar upon forms of lactic acid 
Optical property of lactic acid 


No. of strain Glucose Fructose Mannose Galactose Arabinose Xylose 


Leuconostoc 
34 l 
52 l 
13 ! l 
14 l 


Lactobacillus 


l : l l 
: l l 


dl+d dl+d 


It appears that modification of the optical properties of fermentation lactic 
acids was limited to the dl- and dl+d-formers among the lactic acid bacteria 
isolated from yeast mashes for Sake manufacture. 

(b) Effect of the form of nitrogen. As sources of nitrogen, koji extract and 
yeast water containing glucose and calcium carbonate were used. Fermentations 
were carried out at 30° for 7 days and the optical properties of the lactic acids 
were determined in the same way as was mentioned above. 

The results of the experiments are given in Table IV, from which it will be 
seen that modification of the optical properties of fermentation lactic acids 
was never observed with the Leuconostoc mesenteroides var. sake (l-former) or 
with the Lactobacillus plantarum sp. (dl-former) isolated by us [1935] from fer- 
mentation mashes for lactic acid manufacture. 


Table IV. Effect of nitrogen upon forms of lactic acids 
Optical property of lactic acid 


Kept for 10 months 
Newly isolated 
No. of strain koji extract Koji extract Yeast water 
Lactob. sake No. 37 dl dl 
42 dl dl 
dl dl+d (30%) 
dl +d (22%) dl +d (60%) 
dl +d (23%) dl +d (30%) 
dl +d (40%) dl +d (25%) 
d dl +d (30%) 
E d dl +d (40%) 
Lactob. plantarum dl dl 
Leuconostoc No. 14 l l 


With newly isolated Lactobacillus sake (d-, dl- or dl+-d-formers), no modifica- 
tion of the optical properties of the lactic acids was observed with various forms 
of nitrogen, the same forms of fermentation lactic acids being obtained with 
yeast water as with koji extract. 

However, the optical properties of the fermentation lactic acids varied very 
remarkably with the type of nitrogen when the same bacilli were kept for ten 
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months on yeast water-maltose agar media. With koji extract only the d-form 
was produced by all the strains of Lactobacillus sake, while both forms were 
obtained with yeast water-glucose cultures. 

Thus, a remarkable modification of the optical properties of the lactic acid 
produced was verified with Lactobacillus sake. 

(c) Effect of the temperature of incubation. Fermentations were carried out 
for 7 days at 30 or 20° and for 40 days at 6°, with koji extract containing calcium 
carbonate. 

It will be seen in Table V that the effect of the temperature of incubation 
upon the form of the fermentation lactic acid was negligible with Lewconostoc 
mesenteroides var. sake (l-former), Lactobacillus sake No. 41 (d-former) and with 
Lactobacillus plantarum sp. (dl-former). 

However, with Lactobacillus sake No. 42 (dl-former), production of the 
d-form was much increased at 6°, and the same phenomenon was observed with 
Lactobacillus sake No. 24 and 45 (dl+d-former) when these were incubated at 
20°. 
















Table V. Effect of temperature of incubation upon forms of lactic acid 
Optical property of lactic acid produced 







20° 6° 





No. of strain 






Leuconostoc No. 14 l a l 
67 l l 
Lactob. sake No. 41 d d 
42 dl : dl +d (17%) 
24 dl +d (39%) dl +d (59%) - 
45 dl+d (10%) dl +d (47%) 







Lactob. plantarum dl dl dl 






It was thus ascertained that the specificity of the form of lactic acid pro- 
duced by Leuconostoc mesenteroides var. sake (l-former) and Lactobacillus 
plantarum sp. (dl-former) was a fixed character under the experimental conditions 
employed, whereas very noticeable modifications of the optical properties of the 
lactic acids were observed with Lactobacillus sake (d-, dl- and dl+d-formers) 
where the conditions of fermentation were varied. 

The racemization of d-lactic acid produced by Lactobacillus sake was 
probably due to the racemiase in the bacterial cells, and it is probable that 
the modification caused by cultural conditions is due to the amount of racemiase 
present, rather than to the cause suggested by Orla-Jensen [1919] who concluded 
that two enzymes, one producing d-lactic acid and the other I-lactic acid, were 
present in the bacterial cell but that under unfavourable conditions the activity 
of one of the enzymes was inhibited and hence an active lactic acid resulted. 















SUMMARY 






1. Among 30 kinds of micro-organisms tested only Staphylococcus ureae was 
found to produce racemiase. 

2. Leuconostoc (l-former) and Lactobacillus plantarum (dl-former) were always 
found to produce specific forms of lactic acids, while very remarkable modifica- 
tions of the optical properties of fermentation lactic acids were observed with 
Lactobacillus sake (d-, dl- and dl+d-formers) when the conditions of cultivation 
were varied. 

3. It is suggested that this modification of the form of the fermentation 
lactic acid is due to the presence of racemiase in the bacterial cells. 
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CXXII. VITAMIN P 


By SYLVESTER SOLOMON ZILVA! 
From the Division of Nutrition, Lister Institute, London 


(Received 12 April 1937) 


In a series of communications Szent-Gyérgyi and his colleagues produced 
evidence which led them to postulate the existence of a substance, not synthe- 
sized by animals subject to scurvy, which regulates vascular permeability. They 
proposed the name of ‘“‘vitamin P”’ for this principle. In the first investigation 
[Armentano e¢ al. 1936; St Rusznyék & Szent-Gyérgyi, 1936] the evidence was 
based on clinical experiments. It was found that whilst pure ascorbic acid was 
not effective in modifying certain pathological conditions characterized by an 
increased permeability of the walls of the capillaries, extracts of Hungarian red 
pepper or lemon juice acted beneficially. On fractionating lemon juice an active, 
practically pure crystalline flavone or flavonol glucoside “‘citrin’’ was obtained 
which was responsible for the therapeutic effect: Satisfactory results were 
obtained with it in 3 cases of vascular purpura, 4 cases of thrombopoenic pur- 
pura, 7 cases of infectious diseases, 1 case of myxoedema and 2 cases of diabetes 
with markedly lowered capillary resistance. 

Then followed a contribution by Bentsath et al. [1936] in which they claimed 
that the influence of “citrin” on the vascular permeability could be demonstrated 
experimentally. Guinea-pigs ranging in weight from 280 to 485 g. receiving the 
Sherman-La Mer-Campbell scorbutic diet could be kept alive on the average for 
44 days on a daily dose of 1 mg. of “‘citrin”’. This survival period was definitely 
longer than that of the negative control animals, which averaged 28-5 days. 
Moreover, at autopsy the intensity of the haemorrhages in the animals 
which received vitamin P was claimed to be markedly less than in those of the 
negative control group. 

Further chemical investigation revealed [Bruckner & Szent-Gyérgyi, 1936] 
that ‘‘citrin” was not a pure substance but consisted of a mixture of crystals of 
hesperidin and an eriodictyol glucoside with the former predominating. It was 
found in addition [Bentsath e¢ al. 1937] that hesperidin or an impure sample of 
demethylated hesperidin, i.e. the mother-liquor of “citrin”’, possessed vitamin P 
activity in guinea-pigs whilst the chemically related quercitrin did not. 

The general conclusions drawn by Szent-Gyérgyi and his colleagues from 
these experiments are that the syndrome of experimental scurvy is due to a 
combined deficiency of vitamins C and P. Pure vitamin C deficiency can be 
observed only when vitamin P is administered to guinea-pigs on a scorbutic 
diet. Pure vitamin P deficiency cannot, on the other hand, be demonstrated in 
guinea-pigs. 

In this communication are described tests on guinea-pigs which were 
designed as a repetition of the crucial animal experiments mentioned above. 


Experiment 1 
‘*Citrin”’, for which I am indebted to Drs S. Smith and G. E. Foster of the 
Wellcome Chemical Works, was prepared according to the method described by 
Armentano et al. [1936]. 0-6-0-7 g. of crystalline material, M.p. 240—250°, was 
1 Member of the Scientific Staff, Medical Research Council. 
( 915 ) 
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obtained from 401. of lemon juice (South African lemons) as the first crop. It 
gave on analysis the following figures: Ash, 1-03; MeO, 5-16; C, 54-82; H, 5-98 % 
(figures corrected for ash). This crude preparation was used for the biological 
tests. On purifying this product by dissolving it in hot glacial acetic acid, adding 
an equal volume of water and allowing to crystallize, fine almost colourless 
needles were obtained, M.P. 265° (decomp.). (Found: C, 54-9; H, 5-95; MeO, 
5-72%. Hesperidin C,)H, 0, requires C, 54-95; H, 5-55; MeO, 5-68%.) This 
suggested that the first crop of crystals (‘‘citrin”) consisted most probably of 
impure hesperidin. 

In this and in the following tests guinea-pigs weighing about 300 g. were 
utilized. Their basal diet, usually employed in this laboratory, consisted of bran 
6 parts, barley meal 2 parts, middlings 3 parts, fish meal 1 part, crushed oats 
4 parts by volume. In addition 60 ml. of autoclaved milk made up from a dried 
full-cream milk powder were offered. 

Szent-Gyérgyi and his collaborators do not describe the method of admini- 
stration of the dose. “‘Citrin” is practically insoluble in water. It dissolves in 
hot glacial acetic acid but on dilution with water it separates out. It is also 
soluble in alkali, in which solution it tends, however, to undergo oxidation. The 
“‘citrin’”’ was, therefore, suspended in distilled water before the daily oral admini- 
stration (dose 1 mg. of “citrin” in 2 ml. of water). Fig. 1 gives a graphic repre- 
sentation of the experiment. In weight, onset of scorbutic signs, and in the 
picture at the post-mortem examination, this group of guinea-pigs did not 
deviate from negative control animals and no diminution in the occurrence 
and in the intensity of the haemorrhages was observed. 


& 

- 

= 
= 

# 
_ 

-_ 


20 days ——> 
Fig. 2. 
Fig. 1. Daily dose “citrin” 1 mg. 
c.=killed by chloroform. + =died. 
) =onset of clinical symptoms of scurvy. 
shes ae hesperidin % mg. 
Fig. 2. Daily dose \ ccetictyel } mg. 
Symbols have the same significance as in Fig. 1. 


Experiment 2 


This experiment was performed after the appearance of Bruckner & Szent- 
Gyorgyi’s note [1936] in which they asserted that “‘citrin’” was a mixture of 
hesperidin and an eriodictyol glucoside. A mixture of hesperidin and eriodictyol 
was therefore tested for its vitamin P activity, the daily dose being constituted 
of % mg. of hesperidin and } mg. of eriodictyol. The hesperidin used in this 
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experiment was a commercial preparation M.P. 225-230° (C, 54-6; H, 5-7; 
MeO, 5-0%).1 For the eriodictyol, M.p. 265-270° (decomp.) I am indebted to 
Dr T. A. Henry of the Wellcome Chemical Research Laboratories. (Found: 
C, 62-2; H, 4.4%.) Power & Tutin [1907] give the m.P. as 267° and the formula 
C,.H,,0,, which requires C, 62-5; H, 4-2%, for the material they prepared. The 
compounds being almost insoluble in water, the dose was suspended in 2 ml. 
of distilled water before administration. The behaviour of the test guinea-pigs 
was similar to that of negative control animals (Fig. 2) and the picture at autopsy 
was that of typical scurvy with an abundance of fresh haemorrhages especially 
in the femoral and gastrocnemius muscles. 












Experiment 3 


In view of the final note of Bentsdth e¢ al. [1937], in which it is stated that 
pure hesperidin can function as vitamin P, a sample of the pure compound was 
tested for this potency. The commercial sample used in the preceding experiment 
was purified by solution in alkali and reprecipitation by acid, followed by 
crystallization from acetic acid. The purified product, needles, M.P. 260° after 
softening a few degrees lower, gave C, 54-5; H, 5-9; MeO, 5-3 %; ash nil. Hesperi- 
din, Cp5H 0.7, requires C, 54-95; H, 5-55; MeO, 5-68°%. 1 mg. of this compound 
suspended in 2 ml. of distilled water was administered to the guinea-pigs. The 












Fig. 3. Daily dose 1 mg. hesperidin. 
Symbols have the same significance as in Fig. 1. 







experimental animals behaved as if they subsisted on the basal diet only (Fig. 3). 
At the post-mortem examination the usual picture was obtained with extensive 
and numerous fresh haemorrhages especially in the femoral and gastrocnemius 
muscles. 






Experiment 4 






The pathological condition of the guinea-pigs receiving 1 mg. of “‘citrin”’ per 
day, i.e. animals suffering from a pure vitamin C deficiency, described by 
Bentsadth et al. [1936] brings readily to mind its resemblance to the condition 
which these animals display when existing for some weeks on a dose of vitamin C 
insufficient to protect them from scurvy but high enough to delay the fatal 
termination of the disease. In such cases hardly any fresh haemorrhages can be 
observed at the post-mortem examination. Instead there are foci of discoloration 









1 Analyses kindly carried out by Mr A. Bennett and Mr H. C. Clarke of the Wellcome Chemical 
Works. 
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at the knee joints and at the costochondral junctions—evidence of absorbed 
haemorrhages. This picture is no doubt quite familiar to many workers ex- 
perienced in examining guinea-pigs which had received graded doses of vitamin C 
such as are used in testing an unknown substance for antiscorbutic potency. To 
demonstrate this point an experiment was performed in which, besides the basal 
diet, one group of animals received a daily dose of 0-1 mg. and the other 0-2 mg. 
of ascorbic acid.1 Of the former group all the animals began declining in weight 
at the usual time and, with the exception of one, died of scurvy within 40 days as 
against about 30 days for negative control animals. Of the latter group only two 
died after about 40 days; the remaining three animals were killed by chloroform 
after 43 days. Only in one animal (9257, Fig. 4) out of the eleven were marked 


Daily dose 0-1 mg. l-ascorbie acid. 


+9258 ¥ +9200 
20 days ——> 


Daily dose 0-2 mg. /-ascorbic acid. 


Fig. 4. 
Symbols have the same significance as in Fig. 1. 


haemorrhages observed. In three (9251, 9254, 9259, Fig. 4) just a few petechiae 
were found, but the remaining 7 animals showed no new haemorrhages at all, and 
all animals were found to possess the discolorations mentioned above. On the 


1 Kindly supplied by Messrs Hoffmann-La Roche. 
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other hand, of all the guinea-pigs which received the “‘citrin”’, the mixture of hes- 
peridin and eriodictyol or the hesperidin, 18 animals in all, 15 showed very 
marked fresh haemorrhages at autopsy. In two only (9380, 9382, Fig. 3) were 
fresh haemorrhages found in the bladder and at the costochondral junctions and 
not as is usual in the femoral and gastrocnemius muscles, and in one (9328, Fig. 1) 
only a few petechiae at the knee joints besides haemorrhages at the costochondral 
junctions. The post-mortem picture of these animals was, as already mentioned, in 
fact quite characteristic of that found in negative control animals. On the other 
hand the post-mortem picture of the guinea-pigs which received 0-1 and 0-2 mg. 
of ascorbic acid was, as far as one could judge from their description, similar to 
that found by Bentsath et al. [1936] in the case of the animals which received a 
daily dose of 1 mg. of “‘citrin’’. A very crude preparation of “citrin” might con- 
ceivably be contaminated with traces of ascorbicacid so as to bring aboutin guinea- 
pigs the pathological condition described by them, but the behaviour of their 
guinea-pigs on pure hesperidin cannot be thus explained. The discrepancy 
between the results obtained by Szent-Gyérgyi and his colleagues and the results 
of the present experiments will no doubt be elucidated by further work. 


SUMMARY 


The administration of a daily dose of 1 mg. of “citrin”’, of a mixture of ? mg. 
hesperidin and 4 mg. of eriodictyol, or of 1 mg. of purified hesperidin did not 
delay the onset of scurvy or the fatal termination of the disease in guinea-pigs 
on a scorbutic diet. The post-mortem examination of these animals revealed 
typical scurvy characterized by extensive fresh haemorrhages. 

The administration of a daily dose of 0-1 or 0-2 mg. of ascorbic acid, doses 
lower than the minimum prophylactic dose, to guinea-pigs on a scorbutic diet 


produced a pathological condition resembling that obtained by Szent-Gyérgyi 
and his colleagues by the administration of a daily dose of 1 mg. of “‘citrin” or 
of hesperidin to these animals when maintained on a scorbutic diet. 
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CXXIII. THE ESTIMATION OF BILIRUBIN 
IN BLOOD PLASMA 
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From The British Post-graduate Medical School, London 
(Received 29 April 1937) 


IN spite of a great deal of published work, the present methods of estimation of 
blood bilirubin by the diazo-reaction still remain unsatisfactory. Difficulties 
arise from three main causes: the use of unsatisfactory artificial standards for 
matching the colour; the presence of extraneous coloured substances; and in- 
accurate assumptions in the calculation of volume relationships. 

By comparing coloured solutions against a neutral grey screen, interposing 
a series of monochromatic light filters [King & Haslewood, 1937], it is possible 
to obtain curves corresponding to the amount of light of different wave-lengths 
transmitted by the solutions [cf. Heilmeyer & Krebs, 1930]. In Fig. 1, such curves 
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Fig. 1. Light absorption curves of standards for bilirubin estimation by the diazo-method—spec- 
tral filters; neutral grey screen density 0-50. 


are given for the common artificial bilirubin standards—ethereal ferric thio- 
cyanate, potassium permanganate and cobalt sulphate. Comparison of the 
graphs for these solutions with that for the red solution given by coupling a solu- 
tion of pure bilirubin [Hunter, 1930] with diazotized sulphanilic acid! shows that 
each of the artificial standards differs markedly from the bilirubin-azo-dye 

1 This coupling must be carried out at pH 3-0-4-0. Above pH 4-0, the colour of the coupled mix- 
ture fades rapidly to a greenish tint. At a pH much below 3-0, a permanent blue is obtained (the 
colour used by many workers, particularly in Germany, for estimation of bilirubin [cf. Krupski & 
Almasy, 1935]). At pH 3-0-4-0, the maximum amount of red colour is produced [Hunter, 1930]. 
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solution in its light absorption. It is therefore not surprising that the colorimetric 
estimations with these artificial standards should be difficult, because the 
colours are seen to differ quantitatively and qualitatively. 

On theoretical grounds it seemed possible that an azo-dye, having the same 
type of chemical structure as that given by bilirubin itself in the reaction, might 
show closely similar light absorption. In 
Fig. 2 are shown the graphs for methyl red RUB 
(o-carboxybenzeneazodimethylaniline) at (0-1 mg. in 25m) 
pH 4-8, 4:7 and 46. The curves for 
methyl red at pH 4-7 and 4-6 almost 
exactly correspond with that given by 
the bilirubin dye. Methyl red is readily 
available in the pure state, and moreover 
its solution is easily buffered to pH 4-6- 
4-7 by acetic acid-sodium acetate. Such 
a solution is therefore very suitable for a 
permanent artificial standard and theo- 
retically it should be possible to compare 
a methyl red standard directly with the 
bilirubin azo-dye from blood. In spite of 
these considerations, such a comparison 
is not universally reliable, for some ob- 
servers have difficulty in matching the 
colour obtained from blood plasma with 
the methyl red standard. The light ab- 
sorption curves of bilirubin azo-dye from 
blood plasma are not identical with that Fig. 2. Light absorption curves of bilirubin- 


Colorimeter reading (mm.) of solution 


Green 
Blue-Green 


Blue-Green 


Yellow-Green 


of the bilirubin standard: and further. the azobenzenesulphonic acid and of methyl 


. 2 - red i tate buffer. 
colour varies greatly with different blood on eae 


samples. It is not certain that all the pigment in blood is bilirubin; and the 
position is undoubtedly complicated by the presence in blood of other substances 
(for example, histidine and ergothioneine) which give colours with the diazo- 
reagent. For quantitative estimation, however, it is most convenient to determine 
the total red colour and to express this in terms of “bilirubin” in the plasma. 

The graphs show that with a green light filter the maximum light absorption 
takes place, that is, the minimum amount of bilirubin-dye is needed to match 
the neutral grey screen [v. also Van den Bergh & Grotepass, 1934]. This means 
that if a green light filter is used, the maximum effect obtained is due to the red 
bilirubin-azo-dye or to dyes of a similar colour. Further, the effect of ex- 
traneous colours is minimized. These considerations, of course, also apply to the 
methyl red standard, because this solution shows almost the same light absorp- 
tion curve as the bilirubin-dye. Hence, if the colorimetric determination is 
carried out with the use of a green light filter, the value obtained will correspond 
closely to the amount of bilirubin in the tested solution. From the graphs it is 
clear that any filter passing light which is virtually monochromatic and of a 
wave-length 490-550 my may be employed, since the curves for methyl red and 
bilirubin-dye coincide on this range (a consideration which does not apply to the 
other artificial standards). 

Finally, in estimating blood bilirubin, it is essential to obtain the red colours 
in a constant known volume of solution. This point requires emphasis, because, 
forexample, in one of the standard text-book methods for this reaction [cf. Godfried, 
1935], the sum of the volumes of reagents added is 5-0 ml. The dilution factor 
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for the plasma is taken as | in 5 or, sometimes, as 1 in 4, whereas actually about 
3-2 ml. of coloured solution are obtained from 1 ml. of plasma. By use of the 
method described below, a constant volume of almost exactly 4-0 ml. of coloured 
solution is obtained, while the precipitate, from bloods very rich in bilirubin, 
contains not more than 10% of the total red colour. The acidity of the diazo- 
reagent has been given a definite value by the use of standard acid, instead of the 
commonly used “concentrated hydrochloric acid,” whose strength varies in 
different countries. With this diazo-reagent, the final pH of the coloured 
solution is about 4. The colour of these solutions from blood plasma is much less 
sensitive to changes in acidity than is the case with the bilirubin-dye standards 
and the pH may be varied from about 3-0 to 4-5 without affecting the quantity 
permanence or quality of the colour obtained. 


EXPERIMENTAL 


Diazo-reagent. 

Solution A. 1-0 g. sulphanilic acid dissolved in 250 ml. N hydrochloric acid 
and the volume made to 1 1. with water. 

Solution B. 0-5 g. sodium nitrite in 100 ml. aqueous solution. 

The diazo-reagent is made immediately before use by mixing 10 ml. of A with 


0-3 of B. 


Standard bilirubin-dye solution (0-1 mg. bilirubin in a volume of 25 ml.) [ef. 
Hunter, 1930]. 

10 mg. pure bilirubin were dissolved in chloroform and the volume made to 
100 ml. 1-0 ml. of the solution, in a 25 ml. volumetric flask, was treated with 
19 ml. 95% ethyl alcohol and 5 ml. of a fresh mixture of diazo-reagent and 
sodium phosphate buffer (6 g. Na,HPO,, 12H,O per 100 ml.). The solution was 
mixed, allowed to stand for a few moments and made to the mark with 95% 
alcohol. 

The pH of the solution was varied by altering the proportions of diazo- 
reagent and buffer employed. The solutions were evaluated photometrically in a 
Duboscq colorimeter against a neutral grey screen, the light filters being placed 
on the eyepiece of the colorimeter, according to the technique described by 


King e¢ al. [1937]. 


Methyl red standard (2-9 mg./l. at pH 4-63). 

0-29 g. pure methyl red was dissolved in glacial acetic acid and the volume 
made to 100 ml. 1-0 ml. of this solution in a 1-1. flask was treated with 5-0 ml. 
glacial acetic acid. Water was added and 14-4 g. crystalline sodium acetate 
(CH,COONa, 3H,O) washed into the mixture and dissolved. The volume was 
made to 1 1. with water. 

The colour of the solution was equal in quantity (measured as above) to the 
average amount of colour given by four different samples of bilirubin (from 
Prof. H. Fischer, Prof. G. Hunter, The Eastman Kodak Co. and Messrs Fraenkel 
and Landau) when treated as described. The amounts of colour given by these 
different bilirubin specimens were almost identical. 


Estimation of plasma bilirubin 


1-0 ml. plasma is carefully layered with 0-5 ml. diazo-reagent. A coloured 
ring at the liquid junction shows a positive “direct” reaction. The solutions are 
mixed and treated with 0-5 ml. saturated ammonium sulphate solution, and, 
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finally, with 3-0 ml. absolute ethyl alcohol. The mixture is stoppered, shaken, 
allowed to stand 1 min. and filtered. The clear filtrate is compared against the 
methyl red standard, a green light filter being employed. 


Calculation : 
“ye ? en reading of standard _ , 4 100 
Bilirubin (mg./100 ml. of plasma) = aed” * O-1xXsx7p 
reading of standard 
= - x ] -6, 
reading of test 


Monochromatic “spectral” light filters (gelatin, mounted in “A” quality 
glass, # in. diameter), and neutral grey screens (densities 0-25, 0-50 and 0-75) 
were obtained from Messrs Ilford Ltd., London. The authors gratefully acknow- 
ledge gifts of pure bilirubin from Prof. G. Hunter and Prof. Hans Fischer. 
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CXXIV. THE MEASUREMENT OF TISSUE 
GLYCOLYSIS IN SERUM 


By MALCOLM DIXON 
From the Biochemical Laboratory, Cambridge 


(Received 2 April 1937) 


Ix the manometric measurement of the respiration and glycolysis of animal 
tissues it is desirable to keep the conditions as physiological as possible. The 
fluid in which the tissue slices are suspended should therefore approximate as 
closely as possible to that which normally surrounds them in the body. Various 
salt solutions have been proposed, but obviously in this respect they are all 
inferior to serum itself. The use of serum in manometric methods, however, 
introduces complications, owing to “‘retention” effects due to its high buffering 
power at the physiological pH. The methods of Dickens & Simer [1931] and 
Dixon & Keilin [1933] are both suitable for the measurement of the O, and CO, 
of respiration in any medium, including serum; Dickens & Simer [1932] later 
extended their method to the measurement of the aerobic glycolysis! in serum; 
the method of Dixon & Keilin gives the glycolysis in Ringer-bicarbonate solution 
but has not hitherto been adapted for glycolysis in serum. The present paper 
describes the adaptation of the method for this purpose, making use of the later 
principle of Dickens & Simer. 


Principle of the method 


The Dixon-Keilin method gives the respiratory exchange and the change in 
the amount of bicarbonate during the experimental period. In Ringer-bicar- 
bonate solution the change of bicarbonate is equal to the glycolysis [Dixon, 1934, 
p. 104], but this is not the case in serum, for a part of both the acid produced 
and the CO, is buffered or “‘retained’’ by the serum proteins and consequently 
fails to exert its normal effect on the manometer. The true glycolysis in serum is 
obtained by adding a correction for the retention to the change of bicarbonate. 
The respiratory quantities are unaffected by the retention, as strong acid is 
added before taking the readings from which they are obtained. 

The principle of the method is as follows [cf. Dickens & Simer, 1932]. A 
“retention curve’’, in which the retention is plotted against the pH, is first 
constructed for the particular serum used. (If the serum is kept sterile, one 
batch, and hence one retention curve, will suffice for a large number of tissue 
experiments.) The retention in each experiment may then be read off from the 
curve if the change of pH during that experiment is known. This pH change is 
calculated from the changes of bicarbonate content and CO, pressure by applying 
the Henderson-Hasselbalch equation, and the necessary quantities are themselves 
simply obtained from the manometric readings taken in the ordinary course of 
the experiment. The only modification necessary in the experiments themselves 
is that the alkali must be introduced into the two flasks at different times and 

1 More strictly, the acid production. The term glycolysis is at present used in manometric 
work even when it has not been definitely shown that the acid formed is lactic acid arising from 
carbohydrate metabolism, and it is so used in this paper. Elliott & Schroeder [1934] suggest the 
term “acidogenesis’’. 
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not simultaneously as hitherto, and in consequence of this only 2 ml. of serum 
must be added to each flask (instead of 3 ml. as usual) in order to keep the 
readings within the compass of the manometer scale. (If the manometric con- 
stants have already been calculated for the larger liquid volume they must of 
course be recalculated.) The separate parts of the technique will now be described 


in detail. 
Preparation of the serum 


Horse serum is usually chosen for this type of work, but it is unsuitable for 
this method on account of the fact that it rapidly sets to a rigid gel when 
acidified at 40°. When this occurs in the manometer flasks the serum is no 
longer mixed by the shaking, and if the CO, evolution is not complete at the 
moment of gelling the remainder diffuses only slowly from the gel. Thus in 
estimating the bicarbonate content by the addition of acid one observes a rapid 
evolution of about 90% in 3 or 4 min. which ceases abruptly at the moment of 
gelling and is followed by a slow output of the remaining 10°% which may take 
an hour or more. Besides giving misleading results, this makes it impossible to 
obtain the first reading h in the Dixon-Keilin method, for the manometric 
reading during the experimental period will be due partly to the action of the 
tissue in the right-hand flask and partly to this slow evolution of CO, in the 
left-hand flask. I have tested several samples of horse serum and obtained 
similar results with all: ox and pig sera behave similarly. I find, however, that 
rabbit and sheep sera do not give this immediate gelling with acid ; although they 
ultimately form a gel, they remain perfectly liquid for about an hour, and as 
the evolution of CO, is complete in from 5 to 10 min. they are quite satisfactory 
in this respect. Sheep serum has therefore been adopted. 

The serum may be obtained by allowing the blood to coagulate and then 
applying pressure to the clot, as described by Okamoto [1925], or it may be 
more convenient to obtain it by centrifuging defibrinated blood. It is not always 
easy to obtain a perfectly clear serum from sheep’s blood by the latter method, 
but if the serum is allowed to stand overnight at 0° any remaining white cells 
aggregate and can be filtered off. It is then sterilized by passing through a 
Seitz filter, after which it is immunologically inactivated as described by 
Okamoto by heating to exactly 58° for 2 hr. and on the following day again 
heating to 58° for } hr. It is conveniently kept in a number of sterile test-tubes 
containing about 10 ml. each, so that one tube can be opened for each experiment 
and the remainder of the stock is not infected. It may be kept in the refrigerator 
for months without any apparent change. Before use 1/50 of its volume of 10% 
glucose is added. 

Determination of retention curve 


This is conveniently done in three (or, if necessary, two) manometers of the 
Dixon-Keilin type, by adding varying amounts of tartaric acid to the serum 
(in equilibrium with the O,+CO, gas mixture) and noting the amounts of CO, 
evolved. These amounts are always less than the equivalents of the acid added, 
and the deficiency in each case gives the retention for that par ticular pH change. 
The pH values are calculated by the Henderson-Hasselbalch equation. 

In each flask of manometers 1 and 2 is placed the same a mount of serum as 
is used in the tissue experiments, together with a hanging tube (“‘Keilin cup”’) 
containing dried tartaric acid solution which can be dropped into the serum. 
By taking a different amount of tartaric acid for each flask four points on the 
curve are obtained. The third manometer serves for the determination of the 
initial conditions: in the left-hand side the total initial bicarbonate content of 

58—2 
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the serum is obtained by the addition of excess of HCl from the side bulb, and 
on the right-hand side the initial CO, tension in the gas mixture is afterwards 
determined by admitting alkali to absorb the CO,. 

The solutions added to the various manometers are as shown in the upper 
part of Protocol I. The purpose of adding water to the side bulbs is to keep the 
manometric constants the same as in the tissue experiments. For the same 
reason the glass rods must be placed in the centre tubes in all the flasks, even 
though the bottom taps are not used in most cases. 

The N/10 tartaric acid solution is previously standardized manometrically 
in the usual way by adding a known amount to a bicarbonate solution and 
measuring the CO, evolved. It is difficult to measure out small volumes of the 
solution with sufficient accuracy and the solution is therefore weighed out into 
the Keilin tubes. Keilin tubes are used instead of adding the acid from the side 
bulbs as it is difficult to secure quantitative delivery from the latter. The tartaric 
solution is evaporated to dryness after weighing out in order to avoid the slight 
manometric changes which are observed on diluting serum in equilibrium with 
CO, [Warburg, 1925]. The usual method is to evaporate the solution in the oven, 
but this method is liable to lead to errors, as if the temperature of the oven is 
too low the evaporation from the tubes is inconveniently slow, while if it is too 
high some of the tartaric acid is decomposed. Appreciable decomposition appears 
to occur at temperatures only just above 100° and this may give rise to erratic 
results. The writer has obtained very much more satisfactory results by drying 
the tubes overnight in an evacuated desiccator over H,SO, and KOH, and this 
method is recommended. 

In order to obtain the four points on the retention curve it is necessary to 
dislodge the hanging tubes on the two sides of each apparatus successively and 
not simultaneously. This is easily arranged by having platinum hooks of different 
lengths on the tubes in the left- and right-hand flasks. If the hook on the right- 
hand side is slightly under 1 mm. in length, while that on the left-hand side is 
about 24 mm. long, it will be found that a light tap will dislodge the right-hand 
tube but a much stronger blow is necessary to dislodge the left-hand tube. This 
method has proved completely reliable, and it is in fact useful in general mano- 
metric work when it is desired to add two reagents successively without opening 
the manometer, for by its means two hanging tubes can be placed in the same 
flask and made to drop successively. 

The manometers having been prepared, the determination of the retention 
curve proceeds as follows. The manometers are placed in the thermostat at 38° 
and the O,+CO, gas mixture is passed through the flasks at the standard rate 
for 10 min., exactly as described by Dixon & Keilin. The gas stream is then 
diverted, the outlet stoppers are closed and the manometers are shaken for a 
further 5 min. with the taps open and the rubber tubes still attached, after 
which the taps are closed and the tubes detached. The manometers are then read, 
shaken for a few minutes longer and read again to make sure that the readings 
are steady. The Keilin tubes are then dislodged in the right-hand side of each of 
the first two manometers and the HCl is added from the side bulb in the third. 
The evolution of the CO, is complete in a few minutes, but for safety the mano- 
meters are shaken for 20 min. before the readings are taken. The two remaining 
Keilin tubes are then dislodged and the alkali is introduced in the right-hand 
side of the third manometer. The first two manometers may be read after a 
further 20 min., but the third must be left for 1 hr., by which time the absorption 
of the CO, by the alkali is complete. The actual readings (in mm.) obtained in 
an actual determination of a curve on sheep serum are given in Protocol I. 
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Protocol I. Determination of retention curve 














Manometer pen 1 2 3 
keog ae 14-20 13-64 14-13 
OF OF 
Side... ie Left Right Left Right Left Right 
In flask: 2 ml. of Serum Serum Serum Serum Serum Water 
Inside bulb:0-3 ml. of Water Water Water Water 3N HCl Water 
In bottom tap — — — — — 20% KOH 
In hanging tube:g.of 0-0543 0-1001 0-1971 0-2958 as os 
N/10 tartaric acid 
solution (dried) 
Time Readings Readings Readings 
min. ———_7 Diff. “7. SCO®DD iff. ~=3'X————*"—— iff. 
0 100-2 100-2 0-0 107-9 108-0 — 01 102-2 102-2 0-0 
0 Tube in Tube in HCl in 
20 106-0 94-7 +113 125-1 90-1 +350 72-2 1320 — 598 
20 Tube in Tube in KOH in 
40 103-0 97-8 + 52 113-5 102-0 +115 — as — 
80 103-0 97-8 + 5&2 113-5 102-0 +115 198 1846 —164-8 
= 6-1 11:3 — 23-5 35-1 -- 59-8 105-0 
= 86-5 160-5 — 3205 479 — 845 a _- 
= 119 220 — 434 651 — — — — 
= 32-5 59-5 —_ 113-5 172 — — — 
= 758-5 684-5 — 5245 366 — 84 _ 
= 0-97 0-97 — 0-98 0-98 — -- 1-00 — 
= 111 116 — 128 139-5 a 105 105 oo 
? = 45:3 47-3 — 52-2 56-9 — 42-8 — 
= 7-324 7-260 — 7-102 6-908 — 73986 = — - 





The calculation proceeds as follows. The change of reading (h) due to the 
liberation (or absorption) of CO, in each flask has been written in the protocol in 
the column below the flask in question. Thus taking the left side of manometer 1 
as an example, h=11-3—5-2=6-1, and similarly with the others. On multi- 
plying these values by the respective manometer constants (kgo,) we obtain the 
volume of CO, in pl. (go,). Thus in the same example xo, = 6-1 x 14-20= 86:5. 
This was liberated by 0- 6543 g. of tartaric acid solution, of which 1 g. was 
previously found to be equivalent to 2200 pl. of CO,, so that the CO, equivalent 
of this amount of tartaric acid (27) is 2200 x 0-0543=119 yl. The retention (R) 
in this case is therefore 119—86-5=32-5 pl. of CO, per 2 ml. of serum. 

Having found the retention, we have to calculate the corresponding pH, for 
which we require the bicarbonate content (B) and the CO, pressure (P¢o,) after 
adding the tartaric acid. The bicarbonate content (expressed i in pl.) is obviously 
equal to the initial bicarbonate content minus the amount of bicarbonate 
which has been decomposed into CO,. Manometer 3 shows that the initial 

. content was 845 yl., so that in the flask which we have chosen as example 
B=845—86-5=758-5 pl. 

If Warburg manometers had been used the increase in partial pressure of 
CO, would be given directly (in mm. of manometric liquid) by the readings (h), 
so that Pco, for any flask would be obtained by adding the corresponding h to 
the initial partial pressure of CO,, which is given by the h value for the right- 
hand side of manometer 3. But as differential manometers are used here this is 
only approximately true, and if great accuracy is desired the readings must be 
multiplied by a correction factor (C) in order to obtain actual CO, pressures. The 
mathematical theory has already been given by Dixon [1934, first equation on 
p. 26] and it will be clear from the treatment given there that C is equal to the 
first part of the expression for the manometer constant and reduces to 


oe AP, 
C=cos O+ 30 
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This factor, which differs only slightly from unity, must be calculated in any 
case in calibrating the manometers. 

In the particular flask we are considering poo, is therefore given by 
105 x 100+ 6-1 x 0-97=111 mm. Clerici solution. From this the amount of 
dissolved CO, (‘‘H,CO,’’) can be obtained by multiplying by the solubility and 
the volume of serum (in pl.) and dividing by the P, value for the Clerici solution. 
Thus in this case “HCO,” = 405x051 x 2000 =45-3 wl. per 2 ml. of serum 
[see Dickens & Simer, 1932]. (It will be noticed that in this experiment C' can be 
entirely neglected without affecting the results, but under some conditions the 
error might not be quite negligible.) 

The pH can now be calculated from the equation 

B 
pH = 6-:10+ log “co.” ? 
so that in this case pH=6-10+log 758-5—log 45-3=7-324. The other three 
points on the curve are obtained similarly, and a fifth point corresponding to 
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Fig. 1. Retention curve of serum. 


zero retention is obtained from the initial values given by manometer 3. The 
retention curve can now be plotted and is shown in Fig. 1. It corresponds 
closely with the curve given by Dickens & Simer, which is shown dotted. This 
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agreement is of course largely fortuitous, as a different serum was used, but the 
curves obtained with different samples of serum are as a rule very similar. 

Once the retention curve has been obtained, the actual measurements of 
tissue glycolysis and respiration in serum involve no more trouble than when 
bicarbonate-Ringer solution is used. 


Measurement of respiration and aerobic glycolysis in serum 

The experiments with tissue are carried out precisely as described by Dixon 
& Keilin, except that only 2 ml. of serum are taken for each flask and that the 
alkali is introduced successively into the two flasks of the manometer and not 
simultaneously as hitherto. Only one manometer is required for a complete 
experiment, and the necessary readings for calculating the pH change, and 
hence the retention, are obtained during the ordinary course of the experiment. 

The only experimental point requiring special mention is the removal of the 
tissue from the gelled serum for drying and weighing at the end of the experi- 
ment. This is quite easy in the case of liver slices and similar material, but with 
more fragile tissues such as retina it is difficult to remove the tissue quantitatively. 
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Fig. 2. Progress of experiment on rat retina. 
The simplest method is to fill the flasks with tap water and allow them to stand 


for some time. The gel then redissolves and the tissue can be removed without 
difficulty. 
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In Protocol IT are given the essential readings obtained in an experiment on 
rat retina (a strongly glycolysing tissue) and in order to show the relationship 
of the various quantities more clearly the whole course of the experiment is 
shown in Fig. 2, though it will be understood that it is not necessary to determine 
the whole curve in ordinary experiments. 


Protocol II. Measurement of respiration and glycolysis of rat retina in serum 


Retinae from 3 rats—3 retinae in each flask. 
Inactivated sheep serum containing 0-2% glucose. O,+CO,. 


Manometer 


3 
bos os ae 13-68 
io eh) (ane eee 14-13 


oF 
Side es eee Left Right 


In flask: 2 ml. of Serum Serum 
In side bulb: 0-3 ml. of 3N HCl 3N HCl 
In bottom tap KOH KOH 
Retina](mg. dry wt.) 3-9 3-9 


Time Readings 
min. —_——_ 
103-2 103-7 
HCl in 
71-0. 135-1 
134-3 
133-8 
131-0 
HCl in 
104-5 


20-9 
KOH in 
109-6 


on 
Bt ER Ot no bp 


70 — Fig. 1) 


= -_ 


The respiration (vp, and x¢9,) and the bicarbonate change (xg) are obtained 
as usual from the readings h, h, and h, as follows [Dixon, 1934, pp. 103-4]: 

to, =Ko, -he 
Xo, ‘=kep,.- (h, —hg) 
tg=kco, -(hy— h) [alternatively rg=Ko, . (hg, —hz,)].- 

For calculating the pH change during the experimental period four quantities 
are required, namely the bicarbonate contents and the CO, pressures at the 
beginning and end of the period. The respective bicarbonate contents are 
obviously given by the movement of the manometer on adding the HCl at these 
times (hg and hg on the diagram). The point from which / is measured is 
obtained as usual by extrapolation and hg must of course be taken to the same 
point. The movement of the manometer on introducing the KOH gives the total 
CO, pressure at that time. As the HCl has already been added this includes 
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the CO, from the bicarbonate, which must be subtracted in order to obtain the 
free CO, at the time of addition of the HCl. Thus the partial pressure of CO, at 
the beginning of the experimental period is C. (hc, —hg,) and at the end of the 
period it is C. (he, —hg,). On inserting these values into the Henderson-Hassel- 
balch equation and rearranging terms the constant factors cancel out and we 
obtain for the change of pH 
h he, -h - , 
ApH=log ig + og - iz [ef. Dickens & Simer, 1932]. 

It should be noted that h, and h, are the actual readings of the manometer 
(corrected for any small initial exrors), but that h, hy,, hg,, ho, and hg, are all 
changes of reading at the respective times. Attention must ‘be paid to the 
algebraical sign of h, h, and h,; the other quantities are of course all essentially 
positive. In accordance with the usual convention, we take positive values of 
po, and xg, to indicate an output of gas and a positive value of xz to indicate 
an increase of bicarbonate content. 

From the retention curve we can now read off the retention R corresponding 
to the change ApH, and the glycolysis is then given by 7g= —xg+RF [Dixon, 
1934, p. 94]. The sign of xg is thus chosen so that a positive value indicates a 
production of acid (i.e. a decrease of bicarbonate content). 

The Qo, and Qg values are then obtained by dividing xp, and xg respectively 
by the dry weight of tissue in the right-hand flask and correcting to 1 hr.; the 
R.Q. is of course given by %¢o,/%o,. The calculations for the experiment on 
retina are shown in the lower part of Protocol II. The results are in good agree- 
ment with the recent measurements of Elliott & Baker [1935] on rat retina in 
Ringer-bicarbonate solution. 

Numerous blank experiments on serum containing glucose without tissue 


have shown that no process affecting the manometer occurs in the serum itself, 
the quantities h, h, and h, all being zero within a fraction of a millimetre. 


Measurement of anaerobic glycolysis in serum 


It is obviously not possible to determine the anaerobic glycolysis on the 
tissue slice which is used for the aerobic glycolysis and the respiration, and a 
second manometer is required for its determination. This manometer is filled 
with a N,+CO, mixture instead of the usual O,+CO, mixture, but otherwise 
the procedure and calculation are exactly the same. As there can be no O, 
absorption by the tissue h, will now be zero. 

It is necessary to free the gas mixture completely from O, by passing it 
over hot copper, and in order to drive out all O, from the flasks the gas should 
be passed for 15 min. Actual measurements have shown that after passing the 
gas for 15 min. at the standard rate (200 ml. per flask per min.) less than 5 yl. 
of O, are left in each flask. 


Improvements in the technique 


As a result of more extensive personal experience of the Dixon-Keilin method 
and the investigation of certain difficulties experienced by other workers when 
using the method, the writer has been able to effect a considerable improvement 
in its accuracy and reliability. 

Several workers found that the readings at the end of the experiments showed 
a slow drift and did not reach their final value for some hours [Elliott & Schroeder, 
1934; Gemmill & Holmes, 1935]. This they attributed to a slow rate of CO, 
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absorption. As such an effect causes a great waste of time, the writer attempted 
to discover its cause. The rate of absorption of CO, was first studied by filling a 
manometer with the 95% N,+5% CO, mixture and admitting KOH to one 
side only. It was found that, provided that the filter-paper roll projected at least 
5mm. above the top of the central tube, the absorption of CO, from the flask 
and the tubes connected therewith was invariably absolutely complete within 
1 hr., and the reading then remained unchanged for many hours. It was then 
thought that the alkali-soaked filter-paper might be slowly absorbing oxygen, 
and this was tested by repeating these experiments with the 95°% 0,+5°%% CO, 
mixture. It was found that the effect, though present, was very small (less than 
1 mm. in 3 hr.) and would be completely undetectable if KOH-papers were 
present on both sides as in the ordinary technique. The next possibility was that 
some slow reaction, not involving CO,, was occurring in the acidified tissue. 
Experiments were therefore carried out in Barcroft manometers by adding HCl 
to tissues in Ringer solution in the absence of CO, and with KOH-papers present, 
but it was found that the readings remained absolutely constant for many 
hours after adding the acid, so that this possibility also was eliminated. 

These experiments appeared to show that there was no process occurring in 
the flasks which could produce the drifts observed on the manometer, and 
attention was therefore turned to the manometer tube itself. Manometric dis- 
placements were artificially produced by applying slight suction to one side of 
the manometer, the taps were closed so as to maintain the differences for some 
time and then both sides of the manometer were once more opened to the air. 
These experiments at once revealed the cause of the effect. With small displace- 
ments the liquid at once returned to its original zero reading, but with large 
displacements, such as occur in experiments with tissues, the manometer did 
not return to zero but still showed a reading of 2-3 mm. which gradually became 
less but did not reach zero for some hours. This was not due to any kind of 
friction effect or to incomplete wetting of the tube, for if, when the manometer 
was showing a reading of 2 mm.., it was artificially brought to zero and released 
it returned to the 2 mm. reading against the action of gravity. It appears that if 
the liquid falls in say the left-hand tube a layer of liquid possessing a com- 
paratively large surface is left on the walls of the tube. A surface film, perhaps 
mainly of bile salts, then forms on the surface of this layer, and when the liquid 
returns this film is compressed and exerts a surface pressure (reduction of 
surface tension) on that side. No such process has occurred in the right-hand 
side and there will therefore be a difference of surface tension between the two 
sides and consequently a slight negative reading, which will slowly disappear 
as the compressed film breaks down or redissolves. 

The omission of bile salts from the Clerici solution reduced, but did not 
altogether eliminate, this effect, but it disappeared completely on increasing 
the bore of the manometer tube from about 0-8 to 2-0 mm.? (This is not per- 
missible with ordinary Barcroft manometers, owing to the appearance of 
additional terms in the expression for the constant, but in this case bores up to 
2-5 mm.” may be used, for these terms remain small owing to the use of a heavy 
liquid.) A number of tissue respiration experiments with manometers with such 
wide-bore tubes soon showed that the trouble was completely cleared up. All 
the drifts had completely disappeared, the readings were more quickly reached 
and remained absolutely steady and the whole method showed a great improve- 
ment in accuracy and reliability. It may be concluded that the drifts were not 
due to incomplete absorption of CO, or any such cause, but were due simply to 
surface tension effects in the manometer tubes. The improvement effected by 
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substituting wider bore tubes is so marked that the writer recommends that such 
tubes should always be used in this method. 

Elliott & Baker [1935] found in numerous blank experiments that h, with 
their manometers was not zero, but always had a negative value of up to 2 mm., 
and they found it necessary to subtract this blank correction from all their 
values for h,. They state: “It is not understood why this error in h, should 
occur, or why it is always negative.” This error is undoubtedly explained by the 
above observations. The reason why it is always negative is that the manometric 
liquid has necessarily been subjected to a large negative displacement for some 
time shortly before reading h, in the ordinary course of the experiment. This 
error does not occur in manometers with wide-bore tubes. 

These observations do not invalidate any of the previous work; correct 
results were certainly obtained in the circumstances by applying the blank 
correction and by waiting until the drifts had ceased. 

The Clerici solution purchased ready prepared has proved unsatisfactory in 
several respects, especially in the slow deposition of crystals and precipitates. 
It is preferable to prepare it from the pure constituents, which can now be 
bought fairly cheaply (from British Drug Houses). By dissolving 7 g. thallium 
malonate +7 g. thallium formate in 1 ml. water a thoroughly satisfactory clear 
solution is obtained which undergoes no change with time, runs freely in the 
tubes and has a P, value of about 2500. Bile salts are now omitted, for the 
reason given above. 

Instead of lanoline, the writer now uses for all the ground joints and taps the 
‘Paraffin and Rubber Lubricant (Thick for Summer use)” supplied in tubes by 
British Drug Houses. Glass rods instead of mercury are always used in the 
KOH tubes. 

Certain cases in which workers have obtained erratic results have proved on 
investigation to be due to their having dispensed with a flowmeter and having 
consequently passed insufficient amounts of gas through the flasks initially. 
Obviously if different amounts of CO, are present initially in the two flasks of the 
manometer considerable errors will be produced. It is absolutely necessary for 
accuracy that at least the specified amounts of gas should be passed through 
all the flasks. 

Other technical details are given by Dixon [1934, pp. 96-107] and by Elliott 
& Schroeder [1934] who have submitted the whole method to a thorough critical 
examination. 

SUMMARY 

The method of Dixon & Keilin has been adapted to the measurement of 

the respiration and glycolysis of tissues in serum. 


The writer has pleasure in thanking Dr Ann Bishop for assistance with the 
preparation of the sterile serum and Dr H. Laser for preparing the retinae. 
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WakeEMAN & Dakin [1909] described an enzyme prepared from liver which 
catalysed the oxidation of B-hydroxybutyric acid to acetoacetic acid. Apart 
from the confirmation by other workers of the existence of this enzyme, the 
problem has remained stationary for the last 18 years. Green & Brosteaux 
[1936], in their study of the lactic dehydrogenase of heart muscle, observed that 
their enzyme preparation contained an active B-hydroxybutyric dehydrogenase. 
The present communication deals with the components of the B-hydroxybutyric 
dehydrogenase system and with the mechanism of the reaction with molecular 
oxygen. 

Dehydrogenase systems have been classified by Green & Brosteaux [1936] in 
three categories: aerobic oxidases, cytochrome systems and coenzyme systems. 
The £-hydroxybutyric dehydrogenase satisfies all the criteria of a coenzyme 
system and is very similar in behaviour to the lactic and malic dehydrogenases of 
animal source. That is to say the collaboration of a coenzyme is required for 
catalysing the oxidation of the substrate; the reaction with molecular oxygen 
is not direct but proceeds through carriers like flavin, flavoprotein and adreno- 
chrome; finally cytochrome c cannot function efficiently as a link between the 
dehydrogenase system and molecular oxygen. 

There is one striking difference between the B-hydroxybutyric dehydro- 
genase and the lactic and malic dehydrogenases. Whereas traces of the keto- 
acid formed on oxidation inhibit completely the aerobic oxidation of either 
lactate or malate, the oxidation of B-hydroxybutyrate is relatively insensitive to 
the presence of the corresponding keto-acid. The use of ketone fixatives which is 
obligatory for the study of the lactic and malic systems is not essential for the 
f-hydroxybutyric system. The opportunity therefore was presented of deter- 
mining to what extent the ketone fixative may interfere with the normal 
functioning of a coenzyme dehydrogenase system. The result of this inquiry has 
been the discovery of an enzyme system which catalyses the oxidation of reduced 
coenzyme and which is completely inhibited by high concentrations of cyanide. 
The presence of the coenzyme oxidase was not detected in the previous studies 
on the lactic and malic systems respectively since cyanide in high concentrations 
was used as the ketone-fixing agent. 


I. PREPARATION OF THE COMPONENTS 


The preparation of the B-hydroxybutyric dehydrogenase from the heart 
muscle of pig follows the procedure employed in the preparation of the lactic 
enzyme. Two hearts are divested of fat and connective tissue, and minced in a 
Latapie mincer. The mince, after thorough washing with tap water, is mixed with 
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sand and 400 ml. M/50 phosphate buffer pH 7-2 and ground toa fine homogeneous 
paste in a mechanical mortar. The sand and insoluble debris are filtered off 
through muslin. After clarifying the filtrate by centrifuging for 20 min., the 
supernatant fluid is acidified with 10% acetic acid to pH 4-6 and the flocculent 
precipitate centrifuged. The supernatant is discarded. The precipitate is washed 
with M/50 acetate buffer pH 4-6 and resuspended in 80 ml. M/10 phosphate 
buffer pH 7-2. The enzyme is stable for at least a week when kept in solution at 
0°. Drying partially inactivates the enzyme. 

Some modifications have been introduced in the method of preparation of 
coenzyme I described by Green & Brosteaux [1936]. Cakes of baker’s or brewer’s 
yeast (9 kg.) are crumbled into 6 1. of 1% sulphuric acid maintained at 80°. The 
yeast is filtered off. Excess lead acetate is added and the precipitate is filtered 
and discarded. The filtrate is made alkaline with 6 N NaOH (just blue to 
thymolphthalein) and the precipitate is rapidly filtered. The precipitate is then 
suspended in 1 1. of water and 10 N sulphuric acid added in slight excess of the 
amount required to decompose the lead salts. The end-point is indicated by a red 
colour with thymol blue. The lead sulphate is filtered off and the filtrate is treated 
with slight excess of 25° phosphotungstic acid (Analar reagent). The precipitate 
is centrifuged and washed with 5% sulphuric acid. The phosphotungstic pre- 
cipitate in some cases tends to come out colloidal. Addition of salts such as 
ammonium sulphate assists the process of aggregation. After decomposing the 
phosphotungstic precipitate with amyl alcohol and ether by the method of 
Myrback [1933], the aqueous layer is filtered. Saturated hot baryta is added 
sufficient to bring the pH to 8-0. The barium precipitate is discarded. The 
filtrate is treated with excess AgNO, and dilute ammonia added to keep the 
pH between 7-5 and 8-0. The precipitate is centrifuged and decomposed with 
H,S. The Ag,S precipitate is filtered and the filtrate is concentrated in vacuo to 
about 20 ml. By addition of 5 vol. of acetone, the coenzyme is precipitated. The 
precipitate is centrifuged, washed with acetone and dried in vacuo. The yield is 
about 500 mg. from 9 kg. of yeast. The powder is white if the preparation is 
made from baker’s yeast, whereas a yellow powder is obtained from a brewer’s 
top yeast. 

The state of purity of the coenzyme at this stage is about 50%. Complete 
purification can be attained by the well-known methods of Euler and Warburg. 


II. THE REACTION WITH MOLECULAR OXYGEN 


A mixture of the dehydrogenase, coenzyme I and dl-8-hydroxybutyrate 
takes up oxygen directly in absence of any added carrier. The rate of oxidation 
is not increased by the addition of carriers such as methylene blue, flavin, 
flavoprotein or cytochrome c (cf. Table I). 


Table I. The effect of carriers on the direct reaction with oxygen 


The system contained 1-5 ml. enzyme, 1-0 ml. 0-15% coenzyme and 0-2 ml. M dl-g- 
hydroxybutyrate. The total volume was 3-3 ml. 
pl. O, in 10 min. 

£-Hydroxybutyrate system jt 

Control with no coenzyme 0 

Control with no substrate 0 
System + 0-6 mg. flavin 51 
System +3 mg. cytochrome c 53 
System + 15 mg. flavoprotein 54 
System + 1-5 mg. methylene blue 54 
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Ketone fixatives such as hydrazine do not affect the initial velocity of 
oxidation but tend to prevent the rapid falling off in velocity which occurs in 
the absence of any fixatives (cf. Table II). Hydrazine has been found to be a 











Table Il. The effect of fixatives 


The system contained 1 ml. enzyme, 0-5 ml. coenzyme, 0-5 ml. M/10 pyrophosphate and 
0-2 ml. M dl-8-hydroxybutyrate. The fixative solutions were neutralized. 








pl. O, 
oo SF 
10 min. 20 min. 30 min. 
B-Hydroxybutyrate system 29 45 57 
+0-3 ml. M/2 semicarbazide 32 54 68 
+0-3 ml. W/2 hydrazine 49 93 131 







more satisfactory fixative than either semicarbazide or hydroxylamine. It has 
been used in the bulk of the experiments. Acetoacetic acid inhibits the oxidation 
of B-hydroxybutyric acid only when present in considerable concentration. The 
use of fixatives therefore is not essential for the study of the oxidation but is 
advisable for obtaining regular time-velocity relations. 

Cyanide in high concentrations completely inhibits the oxidation of B-hy- 
droxybutyrate by molecular oxygen (cf. Table III). The simultaneous addition 









Table III. Effect of cyanide 


The system contained 1-5 ml. enzyme, 1 ml. 0-15% coenzyme I, 0-3 ml. M/10 
pyrophosphate, 0-2 ml. M dl-8-hydroxybutyrate. 





















pl. O, 

Waris are ee ne 

15 min. 45 min. 
fB-Hydroxybutyrate system 92 171 
+0-5 mg. methylene blue 92 165 
+0-3 M HCN (final concentration) 0 0 
+0-3 M HCN +0-5 mg. methylene blue 2 8 
+0-06 M HCN 8 29 
+0-06 M HCN +0-5 mg. methylene blue 31 88 
+0-03 M HCN 7 36 
+0-03 M HCN +0-5 mg. methylene blue 70 159 
+0-006 M HCN 29 81 
+0-006 M HCN +0-5 mg. methylene blue 110 195 







of methylene blue reduces the inhibition at high concentrations of cyanide and 
abolishes it at lower concentrations. These results are in harmony with the 
following interpretation. Cyanide is inhibiting two components, viz. the de- 
hydrogenase and an enzyme which is concerned in the mechanism for the direct 
utilization of molecular oxygen. The dehydrogenase is less sensitive to cyanide 
than the second component. Hence at certain concentrations of cyanide, the 
reaction between the dehydrogenase system and molecular oxygen can be 
renewed by adding methylene blue. At higher concentrations of cyanide there 
is no restoring action of methylene blue since not only is the second component 
inhibited but the dehydrogenase as well. 

The explanation of the cyanide effect becomes clearer from a consideration 
of the lactic and malic dehydrogenases. These enzymes are completely insensitive 
to all concentrations of cyanide. A mixture of the dehydrogenase preparation, 
coenzyme I, malate or lactate and strong cyanide (M/5 final concentra- 
tion) fails to take up any oxygen. With addition of any suitable carrier a 
vigorous uptake ensues. But if instead of cyanide, semicarbazide or hydrazine 
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Table IV. Oxidation of lactate and malate without carriers 


All manometers contained 1-5 ml. enzyme, 1-0 ml. coenzyme and 
0-4 ml. M/2 hydrazine (neutral). 
pl. O, in 10 min. 
Enzyme + coenzyme + hydrazine 3 
+0-2 ml. M lactate 115 


+0-2 ml. M malate 96 
+0-2 ml. M B-hydroxybutyrate 73 


is used, then no carrier is essential. The reaction with molecular oxygen takes 
place directly (cf. Table IV). The evidence is clear that in addition to the de- 
hydrogenases present in the enzyme preparation there is another factor which is 
concerned in the mechanism by which oxygen is directly utilized in the oxidation 
of lactate, malate or B-hydroxybutyrate. 

The best proof of the existence of this factor lies in the properties of the 
lactic, malic and 8-hydroxybutyric enzymes prepared from a powder of acetone- 
dried heart muscle. This preparation does not show any direct utilization of 
molecular oxygen in presence of the three substrates unless some carrier is 
provided (cf. Table V). Obviously acetone-treatment destroys the factor which 


Table V. Oxidation of lactate, malate and B-hydroxybutyrate by an 
extract of acetone-dried heart muscle 


The system contained 2 ml. enzyme, 0-5 ml. 0-15% coenzyme I, 0-3 ml. W/2 hydrazine and 0-3 ml. 
M/10 pyrophosphate. The enzyme was prepared by mincing 2 hearts and mixing the mince 
with 3 vol. of acetone. Extraction with acetone was repeated several times. The preparation 
was then dried in a current of air at room temperature. The pulverized powder was extracted 
with phosphate buffer and the insoluble residue centrifuged. 

pl. O, in 30 min. 


System with no substrate 0 
+lactate 0 
+lactate +0-5 mg. methylene blue 112 
+malate 0 
+malate +0-5 mg. methylene blue 40 
+ B-hydroxybutyrate 0 
+ B-hydroxybutyrate +0-5 mg. methylene blue 23 


normally accompanies these enzymes. The same type of effect, though not as 
pronounced, is obtained by drying the enzyme at the acetic acid precipitate 
stage (cf. Section I). After drying in vacuo, the powder yields an extract which 
can oxidize lactate, malate and B-hydroxybutyrate only in presence of a carrier 
such as methylene blue (cf. Table VI). There is a small blank in absence of 
methylene blue which indicates that the additional factor was not completely 


destroyed. 


Table VI. Oxidation of lactate, malate and B-hydroxybutyrate by an 
extract of dried enzyme 


The system contained 1-5 ml. enzyme, 0-5 ml. coenzyme, 0-3 ml. M/2 hydrazine and 0-3 ml. 
M/10 pyrophosphate. Semicarbazide was used as the fixative in the case of malate. 


pl. O, in 60 min. 


System with no substrate 0 
+ B-hydroxybutyrate 18 
+ B-hydroxybutyrate + 0-5 mg. methylene blue 32 
+lactate 33 
+lactate +0-5 mg. methylene blue 244 
+malate 24 
+malate + 0-5 mg. methylene blue 96 
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compete unfavourably with the factor for the reduced coenzyme. 


Table VII. The effect of methylene blue on the untreated 
enzyme preparation 
The system contained 1-5 ml. enzyme, 0-5 ml. 0-15% coenzyme I, 0-3 ml. M/2 hydrazine and 
0-3 ml. M/10 pyrophosphate. The amount of substrate used was 0-2 ml. of a M solution. 
pl. O, in 30 min. 


System 8 
+lactate 80 
+lactate +0-5 mg. methylene blue 80 
+malate 33 
+malate +0-5 mg. methylene blue 34 
+ B-hydroxybutyrate 75 
+ B-hydroxybutyrate + 0-5 mg. methylene blue 65 


In the oxidation of the substrate of any coenzyme system the following 
reaction takes place: 
Substrate + coenzyme > oxidation product +reduced coenzyme. 


The reduced coenzyme is non-autoxidizable in the physiological range of pH. 
The reaction between reduced coenzyme and molecular oxygen is not direct and 
requires some carrier which can be alternately reduced by the coenzyme and 
oxidized by molecular oxygen. The factor in the heart preparation must either 
be a carrier like flavoprotein or an enzyme which catalyses the oxidation of 
reduced coenzyme by molecular oxygen. Examination of the enzyme solution 
fails to disclose any detectable amounts of flavoprotein. In addition there are 
two considerations which militate against flavoprotein being responsible for the 
direct reaction with oxygen; first, flavoprotein has been shown to be very 
inefficient as a carrier in coenzyme I systems; second, the partial pressure of 
oxygen has no influence on the oxidation of B-hydroxybutyrate, lactate and 
malate, whereas reactions involving flavoprotein are very sensitive to the oxygen 
tension. There is in fact no oxidation carrier as yet described in animal tissues 
which is sensitive to cyanide and destroyed by acetone or drying. The more 
reasonable interpretation is to assume that the factor is an enzyme which 
catalyses the oxidation of reduced coenzyme by molecular oxygen in the same 
way as the indophenol oxidase catalyses the oxidation of reduced cytochrome by 
molecular oxygen. The properties of the coenzyme oxidase are very similar to 
those of the indophenol oxidase except that the former is sensitive to cyanide in 
high concentrations only, whereas extremely dilute cyanide (M/10,000) com- 
pletely inhibits the latter. No systematic investigation has yet been made of the 
coenzyme oxidase. It appears to be present in most tissues. It is non-dialysable. 

Green & Dewan, in unpublished experiments, have shown spectrophoto- 
metrically that the heart enzyme preparation catalyses the rapid oxidation of 
reduced coenzyme by molecular oxygen. 


Ill. THE PRODUCT OF OXIDATION 


That acetoacetic acid is the sole product of the oxidation of B-hydroxybutyric 
acid can be shown by three independent methods. 

Acetoacetic acid can be estimated manometrically as CO, by the aniline 
method of Ostern [1933]. Since there is 1 mol. of acetoacetic formed for each 





Methylene blue has little or no effect on the lactate, B-hydroxybutyrate and 
malate dehydrogenases prepared as in Section I (cf. Table VII). Apparently 
carriers have no influence in presence of the additional factor. Presumably they 
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atom of oxygen absorbed, the ratio of the CO, liberated from acetoacetic acid 
to the volume of O, absorbed should be 2. Table VIII shows that the observed 
ratio is in close agreement with the theoretical. 


Table VIII. The acetoacetic-oxygen ratio 


The oxygen uptake was measured manometrically at 38° for a given period of time. The mano- 
meter cups were then disengaged and 0-3 ml. of glacial acetic acid added to stop the reaction. 
After re-equilibrating the manometers, aniline citrate was tipped in frem a side-bulb and the 
CO, estimated. ul. CO, ul. O, : 

evolved absorbed Ratio 


(1) 143 68 2-1 
(2) 123 61 2-0 
(3) 63 31 2-0 


theory for 10 


theory for 10 


theory for 10 


Oxygen uptake in pl. 
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0 15 2 25 ) 10 15 
Time (min.) Time (min.) 
Fig. 1. Fig. 2. 
Fig. 1. The oxygen equivalence of dl-B-hydroxybutyrate. 
Each manometer contained 1-5 ml. enzyme, 1 ml. coenzyme, 0-3 ml. M/2 hydrazine and 
0-5 ml. M/10 pyrophosphate. The substrate was placed in Keilin cups which were introduced 
into the main body of fluid after equilibration. The control uptake without substrate has been 


subtracted from the experimental numbers. The theoretical uptake for 1 atom of oxygen 
has been calculated on the basis that only one optical isomeride is oxidized. 


ig. 2. The oxygen equivalence of 1-B-hydroxybutyrate. 
Manometric details as for Fig. 1. The /-8-hydroxybutyric acid was isolated from the urine 
of a diabetic in the form of the calcium zine double salt. After decomposing the salt with 


Na,CO, and filtering off the insoluble carbonates, the strength of /-8-hydroxybutyric acid 
was estimated polarimetrically. 


The instability of acetoacetic acid and its 2:4-dinitrophenylhydrazone renders 
isolation in the pure state very difficult. However, by converting acetoacetic 
acid into acetone, almost quantitative recovery is possible. A mixture containing 
50 ml. enzyme solution, 25 ml. 0-15 % coenzyme I, 10 ml. M/2 hydrazine chloride, 
5 ml. M/10 pyrophosphate and 5 ml. M dl-8-hydroxybutyrate was aerated 
vigorously at 37° for 60 min. The mixture was then deproteinized with trichloro- 
acetic acid and centrifuged. The supernatant was concentrated in vacuo to 15 ml. 
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and clarified by centrifuging. Strong alkali was added sufficient to bring the 
pH to about 10. Under these conditions the hydrazone of acetoacetic acid is 
decomposed into hydrazine and acetone. The solution was acidified and mixed 
with 0-5 g. of 2:4-dinitrophenylhydrazine dissolved in 50 ml. of 2 N HCl. The 
2:4-dinitrophenylhydrazone settled out within a few minutes. The precipitate 
was washed with 2 N HCl and dried in vacuo; yield, 200 mg. For purification 
of the derivative, the substance was dissolved in ethyleneglycol monoethyl ether 
and the insoluble residue filtered off. Addition of 3 vol. of water reprecipitated 
the dinitrophenylhydrazone in a crystalline form. The precipitate was dried and 
recrystallized from hot isobutyl alcohol. The sample melted at 123°; the authentic 
sample of acetone-2:4-dinitrophenylhydrazone melted at 124°, mixed M.P. 123°. 
(Found (Weiler) : C, 45-68; N, 23-4 (mean of 2 estimations) ; H, 4-21 % . C,H,,0,N, 
requires C, 45-36; N, 23-53; H, 4:23 %.) 

If acetoacetic acid is the sole product of oxidation there should be 1 atom 
of oxygen absorbed for each molecule of B-hydroxybutyrate oxidized. Figs. 1 
and 2 show that the observed uptakes are in close agreement with theory. 
dl-8-Hydroxybutyrate is oxidized to the extent of 50%. Since /-8-hydroxy- 
butyrate is completely oxidized, it must be concluded that the d-enantiomorph 
is not oxidized. 

IV. KINETICS 


Fig. 3 shows the dependence of the rate of oxidation of 8-hydroxybutyrate 
on the pH of the solution. The maximum velocity is observed at about pH 7:3. 
The rates fall off rapidly below pH 6 and above pH 9. 
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Fig. 3. The effect of pH. 


Each manometer contained 1-3 ml. enzyme, 0-8 ml. coenzyme, 0-1 ml. M dl-B-hydroxy- 
butyrate and 1 ml. M/2 buffer. The enzyme was suspended in water after acetic acid pre- 
cipitation and neutralized with NaOH. 


Fig. 4. The effect of the concentration of substrate. 
Each manometer contained 1-5 ml. enzyme and 1-0 ml. coenzyme. The total volume 
was 3-3 ml. 
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The Michaelis constant, i.e. the substrate concentration at which half the 
maximum velocity is reached is about M/200 (cf. Fig. 4). This value is con- 
siderably lower than those for the malic, lactic and «-glycerophosphate enzymes. 
In presence of hydrazine as fixative the Km is about M/500. 

Fig. 5 shows the dependence of the rate of oxidation on the concentration of 
coenzyme. The relation observed is typical for coenzyme systems. That is to 
say there is a linear relation only at high dilutions of the coenzyme. With 


Oxygen uptake in pl./15 min. 


0 0-1 0-2 03 0-4 0°5 0-6 0-7 
mg. crude coenzyme I/ul. 


Fig. 5. The effect of the concentration of coenzyme I. 


Each manometer contained 1-5 ml. enzyme, 0-3 ml. M/10 pyrophosphate, 0-3 ml. M/2 
hydrazine and 0-2 ml. M dl-8-hydroxybutyrate. 


increasing concentration of the coenzyme, the rate remains constant at a definite 
asymptotic value. The half-speed concentration for the coenzyme is about 
0-05 mg./ml. (allowing for the state of purity of the sample tested). 

Pyrophosphate produces a very interesting acceleration of the rate of 
oxidation (cf. Fig. 6). The effect is more correctly one of stabilization rather 
than acceleration. In presence of M/100 pyrophosphate the sharp fall in ativity 
at the end of 10-15 min. is postponed for at least the same length of time. 
Table [IX shows that pyrophosphate is not replacing either the coenzyme or the 
fixative, since the effect disappears in the absence of the other components. 
This stabilizing action of pyrophosphate has been taken advantage of for experi- 
mental purposes—small amounts of the reagent being used in most of the 
experiments. Green & Brosteaux [1936] and Green [1936] observed similar 
effects of pyrophosphate on the lactic and malic dehydrogenase systems. The 
mechanism of the pyrophosphate effect still awaits explanation. 

A summary of the effects of various inhibitors is given in Table X. n-Octyl 
alcohol is the most effective inhibitor. Pyruvate, oxaloacetate and acetoacetate 
produce relatively small inhibitions compared with their inhibitions of the 
lactic and malic oxidations. 
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Fig. 6. Effect of pyrophosphate. 
Each manometer contained 1 ml. enzyme, 1 ml. coenzyme, 0-2 ml. dl-B-hydroxybutyrate 
and 0-3 ml. .M/2 hydrazine. 


Table IX. Controls for the pyrophosphate effect 


The complete system contained 1 ml. enzyme, 1 ml. 0-15% coenzyme I, 0-5 ml. M/10 
pyrophosphate, 0-3 ml. M//2 hydrazine and 0-2 ml. of M £-hydroxybutyrate. 


pl. O, in 10 min. 


Complete system with 0-5 ml. M/10 pyrophosphate 93 
Control with no B-hydroxybutyrate 0 
Control with no coenzyme 0 
Control with no hydrazine 50 


Table X. Inhibitors 


Inhibitor Final concentration % inhibition 


Todoacetate 0-03 M 56 
Arsenious acid 0-03 M 69 
Malonate 0-06 M 29 
Urethane 0-17 M 0 
n-Octyl alcohol Saturated solution 100 
Animal adenylic acid 0-0007 M 41 
Pyruvate 0-03 M 48 

0-006 M 32 
Oxaloacetate 0-03 M 71 

0-006 M 42 
Acetoacetate 0-012 M 55 


V. SPECIFICITY OF SUBSTRATE 
The dehydrogenase specifically catalyses the oxidation of /-8-hydroxybutyric 
acid to acetoacetic acid. $-Hydroxypropionic acid, «-hydroxybutyric acid, 
crotonic acid, y-hydroxybutyric acid, butyric and acetic acids are not oxidized 
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appreciably under the conditions in which a vigorous oxidation is obtained with 
B-hydroxybutyric acid. Under some conditions oxidation of f-hydroxy- 
propionic acid takes place but this has been found to be unconnected with the 
B-hydroxybutyric enzyme. Experiments are in progress to test the higher 
homologues of 8-hydroxybutyric acid. 

There are several lines of evidence which establish that the B-hydroxybutyric 
enzyme is distinct from the lactic and malic enzymes. (1) Preparations have 
been made from tissues other than heart which contain active lactic and malic 
enzymes but no trace of the B-hydroxybutyric enzyme. (2) The kinetics are very 
appreciably different. (3) The 8-hydroxybutyric enzyme does not have the same 
general distribution as the lactic and malic enzymes. It is found in fewer tissues 
and in much smaller concentration. 


VI. SPECIFICITY OF COENZYME 


Green & Brosteaux [1936] have already demonstrated that coenzyme II is 
not active with the 8-hydroxybutyric enzyme. We have been able to confirm 
this inactivity of coenzyme II. The preparation of coenzyme I from yeast was 
purified further by the procedures of Euler [1936] and Warburg e¢ al. [1935]. 
Pure coenzyme I was found to be fully as active as the crude preparation (cf. 
Table XI). Furthermore the crude yeast preparation was found to be weak with 


Table XI. Purified coenzyme I compared with crude coenzymes I and II 


The system contained 1 ml. enzyme, 0-2 ml. M B-hydroxybutyrate, 
0-3 ml. M/10 pyrophosphate and 0-3 ml. M/2 hydrazine. 


pl. O, in 10 min. 


System with no coenzyme 
+0-7 mg. crude coenzyme I 
+0-35 mg. purified coenzyme I 
+100 mg. crude coenzyme II 
+0-35 mg. purified coenzyme II 


respect to coenzyme Il—showing only a small fraction of the activity of a crude 
horse blood preparation. Conversely the blood preparation had only negligible 
coenzyme I activity 


VII. Carriers 


Thus far only the mechanism for the direct utilization of molecular oxygen 
has been considered. But this mechanism is independent of the dehydrogenase. 
In Section II it was shown that a special enzyme is necessary to catalyse the 
reaction between reduced coenzyme and molecular oxygen. In the absence of 
this coenzyme oxidase carriers must be provided to enable the reaction with 
molecular oxygen to take place. In order to test the action of carriers, the 


Table XII. The effect of flavin and flavoprotein on cyanide-treated enzyme 
The system contained 1-5 ml. enzyme, 0-5 ml. 0-15% coenzyme I, 0-2 ml. M@/5 HCN, 
0-5 ml. M/10 pyrophosphate and 0-2 ml. M dl-8-hydroxybutyrate. 

pl. O, 
My 
10min. 20min. 
System + cyanide 18 27 
+0-5 mg. flavin 44 77 
+0-5 mg. methylene blue 33 61 
+50 mg. flavoprotein 20 35 
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coenzyme oxidase was inactivated with cyanide. Table XII shows that flavin, 
and to a very slight extent flavoprotein, can act as carriers. Green & Richter 
[1937] have shown that adrenochrome can also function in that capacity. 











VIII. DistrrevutTion 


Attempts were made to determine the distribution of the B-hydroxybutyric 
dehydrogenase in the tissues of various animals. It was found that the con- 
centration of this enzyme was in general too small to permit accurate estimation. 
The enzyme was detected in the heart muscle, skeletal muscle, liver and kidney 
of pig. There was no trace found in brain. The hearts of several animals (pig, ox, 
guinea-pig, rabbit and rat) were found to be the richest sources of the enzyme. 
Liver and kidney yielded much less active preparations. 

The enzymes previously studied in this series, viz. the lactic, malic and 
a-glycerophosphate dehydrogenases, were shown to be widely distributed in 
animal tissues. The high concentrations of their occurrence argued an active 
part in essential oxidation processes. The oxidation of 8-hydroxybutyric acid 
to acetoacetic acid does not belong to this category. It is an oxidation which is 
peculiar to a limited number of tissues. Quantitatively this oxidation can 
account only for a small fraction of the total oxidations. 




















IX. REVERSIBILITY 


The reversibility of the oxidation of B-hydroxybutyrate to acetoacetate was 
demonstrated as follows. A mixture of enzyme (pH 7-5), coenzyme, benzyl- 
viologen and 1-5 mg. of I-8-hydroxybutyrate was placed in the main limb of a 
Thunberg tube. The hollow stopper of the tube was filled with 15 mg. of aceto- 
acetate in buffer of pH 7-5. After evacuation the tube was incubated at 38°. 
A deep violet colour developed in a few minutes. The contents of the hollow 
stopper were then introduced into the main limb. The violet colour gradually 
became less intense and at the end of 10 min. represented about 10% of the 
original intensity. A control with buffer tipped in instead of acetoacetate showed 
no change. When the acetoacetate was replaced by oxaloacetate the change 
was much more rapid and complete. In about 5 min. the solution became 
colourless. Pyruvate acted more or less like acetoacetate. 

These reactions may be formulated as follows: 
















(1) B-Hydroxybutyrate + coenzyme I — acetoacetate + reduced coenzyme I. 

(2) Reduced coenzyme I +2 benzylviologen = coenzyme I +2 reduced benzylviologen. 
(3) Pyruvate +reduced coenzyme I = lactate + coenzyme I. 

(4) Oxaloacetate + reduced coenzyme I = malate + coenzyme I. 







The f-hydroxybutyrate reduces the coenzyme; in turn reduced coenzyme 
reduces the oxidation-reduction indicator, benzylviologen. There are thus three 
oxidation-reduction systems in equilibrium with one another: (1) B-hydroxy- 
butyrate-acetoacetate, (2) reduced coenzyme I-oxidized coenzyme I and 
(3) reduced benzylviologen-oxidized benzylviologen. The first system comes 
into equilibrium with the third through the intermediation of the second. The 
total concentrations of systems 2 and 3 are made very small in comparison with 
that of 1. Hence the final equilibrium is determined by the concentration 
of the B-hydroxybutyrate-acetoacetate system. Starting with the reductant, 
B-hydroxybutyrate, the equilibrium is in favour of reduced coenzyme and hence 
reduced benzylviologen. Tipping in acetoacetate, the oxidant, shifts the equili- 
brium towards oxidized coenzyme and hence towards oxidized benzylviologen. 






































f-HYDROXYBUTYRIC DEHYDROGENASE 945 


Pyruvate and oxaloacetate are the oxidants of the lactic and malic systems 
respectively. Like acetoacetate, they tend to shift the equilibrium in favour of 
the oxidized coenzyme. 

The general experimental details for the potential measurements have been 
discussed previously by Green [1934] in the study of the reversibility of the 
xanthine oxidase and will not be considered here. The potential measurements 
were made at 38° in the Borsook-Thunberg vacuum electrode vessels. The 
contents of the tubes were made up as follows: 2 ml. enzyme, 2 ml. M/2 buffer, 
0-5 ml. 0-15% coenzyme, 0-5 ml. 0-002 M benzylviologen, 0-3 ml. M/10 pyro- 
phosphate and 1 ml. of a mixture of M/10 1-8-hydroxybutyrate and M/10 
acetoacetate. The pH of the buffers was determined with the hydrogen electrode 
at 38°. The measurements were made with buffers diluted to the same extent as 
in the electrode vessels. The reference decinormal calomel half cell was stan- 
dardized frequently against the quinhydrone electrode in N/10 HCl and the 
hydrogen electrode in V/10 HCl, the potentials for which were considered to be 
+0-6232 and —0-0664 V. respectively at 38°. 

Equilibrium values were generally reached in about 20 min. The potentials 
thereafter remained constant for at least 60 min. Acetoacetic acid decomposes 
slowly at 38°. It was considered unreliable therefore to continue any experiment 
for more than 2 hr. The practice was to discard the experiment if the equilibrium 
value was not reached within 1 hr. In the absence of benzylviologen, the 
potential level of the 8-hydroxybutyrate-acetoacetate system was not reached. 
This indicates that the coenzyme-reduced coenzyme system does not come into 
equilibrium with the electrode. The function of the oxidation-reduction indicator 
is that of bringing the system to be measured into equilibrium with the electrode. 
The quantitative criterion of a reversible system is that the potential for 


a given pH should depend upon the ratio of pea according to the following 
equation: 
{reductant] 


6 ae 
Ei, =H,’ —5p \n Toxidant} 
Table XIII contains a summary of the potential measurements. The agreement 
between observed and theoretical potentials is additional evidence in favour of 
reversibility. The 1:9 ratio of B-hydroxybutyrate to acetoacetate could not be 


Table XIII 
Ratio 1s E, 
l-B-hydroxybutyrate observed calculated 
pH acetoacetate in V. in V. Ein V. 
6-71 9:1 — 0-290 — 0-292 +0-148 
7-07 9:1 —0-315 —0-314 +0-151 
7-50 9:1 — 0-341 — 0-341 +0-150 
7-50 5:5 —0-313 —0-313 +0-150 
7:97 9:1 —0-371 — 0-370 +0-151 
7:97 5:5 — 0-341 — 0-342 +0-149 
8-31 9:1 — 0-391 — 0-391 +0-150 
8-31 5:5 — 0-363 — 0-363 +0-150 


Mean F = +0-150 V. . 
Mean E, = +0-176 Win B4 e in — 


2F ' Kz 
Ey’ at pH 7-0= — 0-282 V. 
tested since the inhibition of the reduction of benzylviologen was almost com- 


plete and the enzyme was inactivated before equilibrium could be reached. The 
variation of potential with the ratio of reductant to oxidant and with the 














946 D. E. GREEN, J. G. DEWAN AND L. F. LELOIR 


hydrogen ion concentration could be represented by the following electrode 
formula of Clark and Borsook: 


» RT or [total B-hydroxybutyric] RT 1 1 RT 


EF + 
* K, , Kp+[H*) 


In 


L,=E— 2F [total acetoacetic] F (atyt 2F Kp * Ka+[H*]’ 


where £, is the observed potential, R is the gas constant, 7' the absolute tem- 
perature, F the Faraday equivalent, Kg the dissociation constant of B-hydroxy- 
butyric acid (3-9x10-°) and K, the dissociation constant of acetoacetic acid 
(2-6 x 10-4). The values for the dissociation constants are those given by Michaelis 
[1914] and Ljunggren [1925]. The assumption has been made that concentrations 
of the reactants are equal to activities. 

The mean EF which is the electrode potential against the normal hydrogen 
electrode for the reaction, B-hydroxybutyrate — acetoacetate + 2H*+2e, is 
+0-150 V. for 38°. 

The free energy change AF for the oxidation with all the reactants at unit 
activity can be calculated from E by the equation, AF=nEF. Since n=2 and 
F=23,068, AF =6920 calories. _ 

It is interesting to note that F for the lactate-pyruvate system according to 
Barron & Hastings [1934] is 0-248 V., ic. about 100 mV. more positive than 
the $-hydroxybutyrate-acetoacetate system. These potential measurements 
provide a satisfactory explanation for the inhibitory action of keto-acids. The 
oxidations of lactate and of malate are completely inhibited by traces of their 
respective keto-acids. On the other hand acetoacetate inhibits the oxidation 
of B-hydroxybutyrate only when present in relatively high concentration. Let 
us assume that the potential of the coenzyme system lies midway between 
those of the relatively positive lactate and malate systems and the relatively 
negative B-hydroxybutyrate system. That is to say even with excess of lactate or 
malate the equilibrium is in favour of oxidized coenzyme whereas with excess of 
f-hydroxybutyrate the equilibrium is entirely in favour of reduced coenzyme. 
Since the rate of oxidation is proportional to the concentration of reduced 
coenzyme, almost complete inhibition is observed in the lactate and malate 
systems as soon as any keto-acid accumulates whereas little effect is observed in 
the B-hydroxybutyrate system. The use of ketone fixatives is made necessary by 
the fact that the keto-acids force the equilibrium almost completely to the side 
of oxidized coenzyme. By combining with keto-acids the fixatives maintain the 
most favourable conditions for the reduction of the coenzyme. 

The malic-oxaloacetic system has not as yet been studied potentiometrically, 
but the evidence is suggestive that it forms a reversible system somewhat more 
positive in potential than the lactate-pyruvate system. 


X. LINKED COENZYME REACTIONS 


Another line of evidence in favour of the reversibility of coenzyme I systems 
is found in the study of reactions between dehydrogenase systems via the 
coenzyme as the carrier. Dewan & Green in unpublished experiments have been 
able to link the following oxido-reductions: 


(1) B-Hydroxybutyrate + pyruvate — acetoacetate + lactate ; 
(2) B-Hydroxybutyrate + fumarate —> acetoacetate + succinate ; 
(3) Malate + fumarate —> oxaloacetate + succinate. 


The coenzyme is alternately reduced by the donator dehydrogenase system and 
oxidized by the acceptor dehydrogenase system—thereby linking the two 
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systems. It is now possible in practice to link any two dehydrogenase systems 
provided that they can either reduce or oxidize the coenzyme and provided 
that there is a potential difference between them. Furthermore even if a de- 
hydrogenase is not dependent upon a coenzyme in the normal way, it may like 
the succinic enzyme be capable of oxidizing the reduced coenzyme or 
like the yeast lactic enzyme be capable of reducing the oxidized coenzyme. 
Coenzyme I appears to be the natural carrier which Green et al. [1934] looked for 
in their attempts to link dehydrogenase systems by means of known cellular 
components. Coenzyme II very probably can act in a similar capacity. 

Recently Euler e¢ al. [1937] using an extremely delicate spectrophotometric 
technique demonstrated that the coenzyme-reduced coenzyme system comes 
into rapid equilibrium with the lactate-pyruvate, alcohol-aldehyde and «- 
glycerophosphate-triosephosphate dehydrogenase systems. Euler et al. have 
also determined the equilibrium constants for these various interactions. 


XI. A SUMMARY OF THE PROPERTIES OF COENZYME I SYSTEMS 


The three coenzyme I systems which have been studied thus far in this 
series, viz. the lactic, malic and B-hydroxybutyric dehydrogenases, are remark- 
ably similar in their general properties. The elements of similarity may be 
summarized as follows: 

(1) The indispensability of coenzyme I for the catalytic activity of the 
dehydrogenase. 

(2) The inability of the dehydrogenase system to react directly with mole- 
cular oxygen in absence of either carriers or the coenzyme oxidase. 

(3) The ability of flavin, flavoprotein and adrenochrome to act as carriers 
between the coenzyme and molecular oxygen. 

(4) The inactivity of cytochrome ¢ as a carrier. 

(5) The complete specificity for the optical isomeride which is stereo- 
chemically related to 1(+) lactic acid. 

The various mechanisms by which coenzyme I can act catalytically may be 
represented by the following schematic diagrams. 


dehydrogenase coenzyme 
substrate ————————> coenzyme > 


ie \. oxidase 
a 


flavin flavoprotein adrenochrome 


™ em 
* ut 
\ 4 
NZ 
O: 


dehydrogenase dehydrogenase 
substrate (donator) ——————-> coenzyme —--————> substrate (acceptor) 
for donator for acceptor 


The arrows represent the direction of transfer of hydrogen. It is clear that the 
coenzyme occupies a pivotal place in cellular oxidations and is the effective link 
between anaerobic and aerobic processes. 

There are no data available as to the mechanism by which coenzyme systems 
react with molecular oxygen in vivo. The cyanide-sensitivity of the oxidations of 
lactate, malate and £-hydroxybutyrate in tissue slices indicates that physio- 
logically these oxidations proceed through the cytochrome-indophenol oxidase 
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chain. It is possible that the coenzyme oxidase is the indophenol oxidase 
collaborating with a cytochrome component other than c. Theorell [1936] has 
shown that flavoprotein can reduce cytochrome c and he suggests that flavo- 
protein may be the connecting link between cytochrome and the coenzyme 
systems. 

Flavin has been shown to be active as a carrier in the coenzyme I systems 
which have been reviewed here. This activity is difficult to reconcile with the 
finding of Haas [1937] that reduced coenzyme I cannot be oxidized by uncom- 
bined flavin. On the other hand, flavoprotein which can oxidize reduced co- 
enzyme with extraordinary velocity is comparatively inefficient as a carrier in 
coenzyme I systems. These discrepancies may mean that the reaction between 
reduced coenzyme and carriers is complex. It is also possible that reduced 
coenzyme in presence of the other components of the catalytic system may 
show quite different properties from reduced coenzyme prepared by reduction 
with hydrosulphite. 

The question of how the coenzyme functions in the catalytic system has now 
become a matter of great dispute. The concept of “‘Zwischenferment”’ intro- 
duced by Warburg implies that the coenzyme combines with the dehydrogenase 
to form the catalytically active complex. What is ordinarily referred to as a 
dehydrogenase is considered by Warburg to be merely a highly specific protein 
with no catalytic properties apart from its prosthetic group—the coenzyme. 
Euler and his school have accepted this view but they prefer to call the active 
complex the “‘holodehydrase”’. 

There is a good deal of evidence in favour of the view that the dehydrogenase 
is the seat of catalytic activity. (1) If the coenzyme is common to dehydro- 
genases which are involved in the oxidation of substrates as different as glucose, 
alcohol, lactate, malate and B-hydroxybutyrate, obviously the coenzyme cannot 
be the active group responsible for the activation of all these substances. It 
seems improbable that the coenzyme should be at once the mechanism for 
activating and for oxidizing the substrate. (2) The phenomenon of competitive 
inhibition (inhibition of an enzymic oxidation by substances structurally related 
to the substrate) offers impressive proof of the existence of an active group in 
the dehydrogenase. This effect is understandable only in terms of competition 
between the substrate and the related substance for the active group of the 
enzyme. (3) The succinic dehydrogenase catalyses either the oxidation of 
succinate to fumarate or the reduction of fumarate to succinate. No coenzyme is 
essential for either process. Yet fumaric acid can oxidize reduced coenzyme in 
presence of the dehydrogenase. There can be no question here of the coenzyme 
being the active group since it can be entirely dispensed with. The same reasoning 
applies to the yeast lactic dehydrogenase which according to Warburg & Christian 
[1936] can catalyse the reduction of coenzyme I although no coenzyme is essential 
for the activation of the substrate. In these two cases at least, the coenzyme 
acts merely as a transporter of hydrogen and has no relevance to the problem of 
the activation of the substrate. 

The classical conception of the dehydrogenase as the actual activating 
mechanism seems to be in fair agreement with the facts. No doubt the coenzyme 
combines with the dehydrogenase in the same way that the substrate does. 
But the function of the coenzyme seems to be that of a highly specific hydrogen 
acceptor which cannot be replaced by any other substance. 









B-HYDROXYBUTYRIC DEHYDROGENASE 


SUMMARY 


The preparation and properties of the B-hydroxybutyric dehydrogenase of 
heart muscle are described. Coenzyme I (diphosphopyridinenucleotide) is an 
indispensable component of the system. 

Evidence is presented for the existence of a coenzyme oxidase which catalyses 
the oxidation of reduced coenzyme I by molecular oxygen. 

The dehydrogenase specifically catalyses the oxidation of I-8-hydroxy- 
butyrate to acetoacetate. The oxidation product was isolated in the form of 
acetone-2:4-dinitrophenylhydrazone. 

The reversibility of the change from B-hydroxybutyrate to acetoacetate has 
been demonstrated potentiometrically. The EL,’ at pH 7-0 is —0-282 V. The free 
energy change was calculated to be 6920 calories. 

A résumé of the properties of coenzyme I systems is given. 


We are grateful to Prof. E. Friedmann for his gift of the calcium zinc salt of 
|-B-hydroxybutyric acid. 
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HYPERPLASIA or neoplasia of the adrenal gland, as is well known, may cause 
changes in the accessory sexual attributes of the patient. The changes differ in 
the two sexes. In women, in whom these adrenal disorders are more frequent 
than in men, virilism is commonly produced: coarse hair grows on the face and 
other parts of the body where its distribution comes to resemble that of the male, 
the breasts and genitalia atrophy, the menses no longer appear and the voice 
may become masculine in tone. In men, on the other hand, feminism may be 
caused by these adrenal disturbances: the hair of the face becomes scanty, the 
breasts swell and may even produce milk, the testes and genitalia atrophy and 
impotence ensues. Hypothetically the changes thus produced might be attributed 
to an incorrect proportion between the male and female hormones. An increased 
output of male hormone has been found in the urine of females suffering from 
adrenal virilism. In the case of adrenal feminism in a male about to be described 
there was an increased output of oestrogenic hormone. This excessive production 
of oestrogenic material had not hitherto been observed in a male with an 
adrenal tumour, though Frank [1934] has recorded two cases of adrenal tumour 
in women accompanied by an excessive output of oestrogenic hormone. The 
primary object of the work now described was the isolation and identification of 
the oestrogenic hormone. The following are brief clinical notes. The patient, a 
man of 34 years, was under the care of Dr Levy Simpson. An adrenal tumour 
was present and caused signs of feminism: the breasts were enlarged, the testes 
reduced in size and there was impotence. The adrenal tumour was removed by 
Mr C. A. Joll on 22 July 1934, and weighed 660 g. A specimen of urine passed 
on the morning of that day and submitted to qualitative tests showed an absence 
of the prolan reaction and the presence of oestrogenic hormone in a concentration 
of at least 500 mouse units per litre. At the operation the tumour was found to 
have invaded the adrenal vein; recurrence of the growth therefore seemed 
likely. After removal of the tumour the excessive output of oestrogen ceased for 
a while. In February 1936, however, it became clear that metastatic growths 
were present, and from this date until the patient’s death, 3 months later, his 
urine was collected for analysis, some 301. in all being obtained. 


Isolation of new “‘hormones”’ 

After hydrolysis of the urine with hydrochloric acid, an assay of the oestro- 
genic hormone gave a value of approximately 3000 1.U. per 1. We have not our- 
selves estimated the male hormone content, but a sample of urine from this 

( 950 ) 
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case taken shortly before the beginning of the collection of our 30 1. was assayed 
by Dr de Fremery, who found the comb-growth promoting activity to be between 
50 and 100 1.v. Comparison of these values with data given in the literature 
show that the male hormone content is not excessively high, but the oestrogen 
content is approximately 20 times that found in normal male urine. For instance, 
Gallagher et al. [1935] quote values ranging from 18 to 84 1.U. of male hormone, 
and 80-110 1.U. oestrogenic hormone [see also Borchardt e¢ al. 1934; Callow, 
1936, 1]. The figures quoted above perhaps convey a somewhat misleading 
impression of the relative amounts of male and oestrogenic hormones present 
in the urine, and it should be remembered that whereas 100 1.U. of male hormone 
activity correspond with 10mg. of androsterone, 2500 1.U. of oestrogenic 
activity correspond with only 0-25 mg. of oestrone. Thus, assuming the oestro- 
genic activity to be due entirely to oestrone, the total amount present in the 
30 1. under examination would not exceed 10 mg., from which it is clear that 
isolation and identification would not be a simple task. 

As the result of our fractionation of the 301. of urine we have isolated and 
identified 0-75 g. of p-cresol, and approximately 0-4 g. of an unsaturated ketone, 
A’:5-androstadiene-17-one (III), which has no demonstrable oestrogenic activity 
but has weak comb-growth promoting activity, sufficient to account for the 
male hormone activity found by Dr de Fremery in the urine from this case. 
We have also isolated (in the form of derivatives) small amounts of two other 
ketones, neither of which has marked oestrogenic activity. The analytical figures 
suggested that these ketones, derived respectively from the “phenolic” and the 
“neutral” fractions of the urine are represented by the formulae C,,H,,O, and 
C,,H3,0, .1 These formulae are not established with certainty for the amounts of 
material isolated were too small for us to be sure that complete purification had 
been achieved. On the assumption that these ketones are related to the sterols, 


the C,, compound would seem to be an unsaturated ketone of the androstane 
group, and the fact that it was separated from the “phenolic” fraction suggests 
the presence of a f-diketone grouping. The C,, compound may likewise be 
assigned to the pregnane group, and could be represented by a structure such as 
(I) which is, however, purely hypothetical. 


CO.CH, 


We have not succeeded in isolating the oestrogenic principle of the urine, 
but we were able to concentrate practically the whole of the oestrogenic material 
in a mixture of semicarbazones separated from the “phenolic” fraction, and in 
our view the properties and solubility of this mixture are consistent with the 
hypothesis that the oestrogenic substance is essentially oestrone. The isolation 
of the pure semicarbazone was prevented by the presence in the fraction in 
question of substances yielding more sparingly soluble semicarbazones. 


1 This compound may be related to the substance, to which is attributed the formula C,,H3,03;, 
recently isolated by Marrian and Butler from the urine in a case of virilism. In reporting this work 
Broster & Vines [1937] suggest, apparently in ignorance of the work of Callow [1936, 2], that this 
new compound is specific to, and characteristic of, virilism. 
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The three ketones which we have isolated have not hitherto been encountered 
among the constituents of urine, and there is little doubt that they are abnormal 
constituents due to the pathological state of the patient, although it is possible 
that they are present in normal urine, but in such low concentration that their 
presence has not been recognized. Furthermore, it is evident that the presence 
of these substances in the urine is not so much due to the fact that the patient 
was suffering from cancer, as to excessive growth of adrenal cortical tissue, which 
is known to produce a variety of substances of similar chemical nature to those 
which we have isolated; among them is the cortical hormone, corticosterone 
[cf. Mason e¢ al. 1936; Reichstein, 1936, 1; de Fremery et al. 1937; Wintersteiner 
& Pfiffner, 1935; 1936]. That the tissue involved in the tumour was the adrenal 
cortex was suggested by histological examination of the excised tumour, which 
showed considerable resemblance to normal cortical tissue. 

A3:5. Androstadiene-17-one is so readily isolated by the technique which we 
have adopted that it is inconceivable that it should not have been isolated 
already if it were present in normal urine in appreciable amount. As a control 
experiment, we have made a similar extraction of a pooled sample of 301. of 
urine from male patients with cancer in other tissues, mainly in the tongue and 
throat, and we have not obtained any indication of the presence of this ketone. 

It will be seen from the considerations advanced in the next section that there 
is a close relationship between the unsaturated ketone which was so abundantly 
excreted by the male patient with an adrenal tumour, and dehydroandrosterone, 
of which it is a product of dehydration. Callow [1936, 2] isolated abnormally 
large amounts of dehydroandrosterone from the urine of a female patient, with 
symptoms of virilism, suffering from an adrenal tumour, and it is a reasonable 
inference that the over-production of male hormone was responsible for the 
abnormal sexual characteristics. In the case which we have examined it is a 
little more difficult to account for the symptoms of feminism, with atrophy of 
the testes, for increased output of oestrogenic hormone seems to be compensated 
by the large excretion of a ketone which has male hormone potency roughly 
equal to that of dehydroandrosterone. However, Reichstein showed that one 
of the ketones which he isolated from the adrenal cortex had comb-growth 
activity, but was without influence on the seminal vesicles of castrated rats, so that 
comb-growth activity does not necessarily mean that the compound in question 
would function as a male hormone in a human subject. It will be of interest to 
study the influence of our new ketone on the sex organs of castrated male rats. 


Identification and artificial preparation of A**>-androstadiene-17-one 


This unsaturated ketone was characterized by its oxime and its semicarbazone, 
and the analytical figures of the ketone and its two derivatives were all in 
satisfactory agreement with the formula C,,H,,0. The presence of two ethylenic 
linkages was demonstrated by measurement of the hydrogen absorption in 
catalytic microhydrogenation experiments kindly carried out by Mr H. Jackson 
of the University of Manchester. The product of hydrogenation with a palladium 
catalyst was a saturated ketone, C,,H,)O, a result strongly indicating a relation- 
ship with androstane, C,,H,., the parent hydrocarbon of the male hormone 
group, or its stereoisomeride aetiocholane. Such a relationship was proved by 
Kishner-Wolff reduction of the saturated ketone to androstane, and the 17- 
position of the carbonyl group was established by the demonstration that the 
saturated ketone was identical with the known 17-androstanone. It remained 

" 1 We are much indebted to Prof. I. M. Heilbron for his courtesy in affording the facilities of 
his laboratory for these determinations. 
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then to determine the positions occupied by the two ethylenic linkages of the 
original unsaturated ketone. Measurement of the ultraviolet absorption 
spectrum, details of which are given in the succeeding section, eventually sug- 
gested the positions 3:4 and 5:6 for these, and confirmation of this was afforded 
by the preparation of the same unsaturated ketone by dehydration of dehydro- 
androsterone (II). The preparation of the ketone, and its stepwise conversion 
into androstane may thus be represented as follows: 


H 
(IV) 


During the course of the experiments which led to this conclusion consideration 
was given to the possibility that the compound isolated from the urine was an 
af-unsaturated ketone containing the grouping shown in formula (VI). It 


would be expected from analogy that such a compound would be reduced to 
3-aetiocholanone (VII) and then aetiocholane (i.e. hydrogenation would lead 
to cis-linkages between rings I and II). 


H, H, CH, 
—- 
6 ik 6 ; 


(VI) (VII) (VIII) 


Hence we were interested in the preparation of 3-aetiocholanone and attempted 
to obtain it by Wolff-Kishner reduction of dehydroandrosterone, followed by 
oxidation of the dibromide of the unsaturated alcohol which we expected to 
obtain. However, when the semicarbazone of dehydroandrosterone was heated 
with sodium ethoxide not only was the carbonyl group reduced but also the 
double bond, to the extent of about 90%. Hydrogenation of a double bond at 
the 5:6-position of the sterol molecule invariably leads to trans-linkages between 
rings I and II, so that there can be little doubt that the saturated ketone which 
we isolated is 3-androstanone (VIII), a compound not hitherto described. 

The compounds related to the sterols which have been isolated from urine 
have always contained hydroxyl groups and some, at any rate, are present in 
the urine in combination with a glycuronic acid. Thus the unsaturated ketone 
which we have isolated from the pathological case under examination represents 
an unusual type of urinary constituent, and it seems likely that the ketone was 
not present as such in the original urine. We offer no suggestion as to the 











954 H. BURROWS, J. W. COOK, E. ROE AND F. L. WARREN 


probable nature of the precursor, except to express the view that this is unlikely 
to be dehydroandrosterone, which is not dehydrated by the acid hydrolysis to 
which the urine was subjected before extraction. At first sight it seemed that 
such dehydration might occur if epidehydroandrosterone were the precursor, 
for Marker et al. [1936] have shown that epicholesterol is very sensitive to dilute 
mineral acid, by which it is readily dehydrated to cholesterilene. epiDehydro- 
androsterone has recently been prepared by Ruzicka & Goldberg [1936], and 
in order to test this hypothesis we treated epidehydroandrosterone! with alcoholic 
hydrochloric acid under conditions which suffice for dehydration of epicholesterol. 
However, dehydration to A**>-androstadienone did not occur. 


Ultraviolet absorption spectra 


The principal abnormal constituent which was isolated from the urine con- 
tained a carbonyl group and two ethylenic linkages, and it was therefore evident 
that its absorption spectrum would afford information as to whether these 
unsaturated centres were conjugated. The spectrum of the ketone (Fig. 1) shows 
intense absorption at 2345 A. (log «=4-258) with a broad region of weak 
absorption at 2600-3200 A. (log «= 2-044 at 2770 A.). This is very similar to the 
absorption shown by a number of «f-unsaturated ketones of the sterol group 
(e.g. Al- and A*-cholestenone, progesterone, testosterone, A‘-androstene-3:17- 
dione). The presence of a triply conjugated system was excluded, as such a 
system would be expected to show more intense absorption with the maximum 
displaced to the 2800 A. region, as, for example, in oxycholesterilene [Rosenheim 
& King, 1934] and crotylideneacetone [Smakula, 1934]. There was, however, 
the alternative possibility that the two ethylenic bonds were conjugated with 
one another, but separated from the carbonyl group. At first sight this seemed 
to be untenable, as although simple conjugated dienes such as butadiene, 
dimethylbutadiene, isoprene and cyclopentadiene show similar intense absorption 
in the region 2200-2400 A. (International Critical Tables, 1929, 5, 363), if the 
two double bonds form part of a 6-membered ring the absorption is profoundly 
modified and becomes benzenoid in character. This is true of cyclohexadiene 
[Allsopp, 1934], ergosterol [Heilbron et al. 1928], ergostatriene and A>*7-chole- 
stadiene [Dimroth & Trautmann, 1936].? 

The kind of conjugated diene typified by cholesterilene, in which the double 
bonds are in adjacent 6-membered rings, was found, on detailed examination, 
to give the same type of absorption as is shown by our ketone and by the simple 
conjugated dienes such as butadiene. Hence the spectroscopic evidence showed 
that the unsaturated ketone contained either an «8-unsaturated ketone grouping, 
or two conjugated ethylenic bonds in adjacent rings with the carbonyl group in 
some other part of the molecule.* 

Cholesterilene shows a broad absorption band, with a maximum at 2350 A. 
(log «=4-302) and slight absorption at 2700-2800 A. Miiller & Page [1933] 
found that the long wave-length absorption decreases on purification, and 


1 Prof. L. Ruzicka very generously gave us a specimen of this difficultly accessible compound. 

2 Note added in proof. The compound denoted as A**4-cholestadiene by Schoenheimer & Evans 
[1936] has recently been shown to have another structure by Stavely & Bergmann (J. org. Chem. 
1937, 1, 575) who have also prepared the true A*4-cholestadiene. They state that this has an 
absorption maximum at 2600 A. a result consistent with the view expressed above concerning 
the type of absorption associated with two conjugated double bonds in a six-membered ring. 

3 In the preliminary report of this work Burrows et al. [1936] we suggested that the ketone 
isolated from urine was an «f-unsaturated ketone. In arriving at this conclusion we had been 
misled by the incomplete absorption curves published for cholesterilene. 
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Rosenheim & King [1934] concluded from this and from the differences between 
their absorption curve for cholesterilene and that published by Heilbron et al. 
[1928] that the absorption in this region is due to impurity. Our own experi- 
ments support this view. A sample of cholesterilene prepared by the method of 
Miiller & Page [1933] showed much less of this long wave-length absorption 
(see Fig. 2) than a specimen prepared by the method of Mauthner & Suida [1896]. 
Moreover, a sample of A?:>-androstadiene-17-one prepared by dehydration of 
dehydroandrosterone showed twice as much absorption in this region as the 
ketone isolated from the urine, but the main intense absorption bands were 
identical for the two samples (Fig. 1). 
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Fig. 1. Fig. 2. 


It seems probable that the impurities in cholesterilene and A**-androstadiene- 
17-one responsible for the absorption ‘at 2700-2800 A. are isomeric dienes in 
which the double bonds have migrated so that they are both in one ring, thus 
giving rise to the complex type of absorption characteristic of ergosterol, which 
has its maxima in this region, although in the case of androstadienone this 
absorption is doubtless partly due to the isolated carbonyl group in the molecule. 


EXPERIMENTAL 


The material used in this investigation was approximately 301. of urine, 
collected during the 3 months immediately preceding the death of the patient. 
The urine was submitted to preliminary hydrolysis by boiling under reflux for 
2 hr., after addition of 100 ml. of conc. HCl per 1. After this treatment the urine 
was extracted with ether for 24 hr. in a continuous extractor, in portions of 
1500 ml. The combined ethereal extract was washed free from acid with aqueous 
NaHCO,, and evaporated. In order to separate “phenolic”? substances the 
viscous reddish brown oil was dissolved in n-butyl alcohol (50 ml.), and the 
solution treated with light petroleum (150 ml.) and then shaken 20 times with 
0-25 N NaOH (portions of 50 ml.). The alkaline extracts were at first dark 
brown and tarry, and later pale yellow. The combined alkaline extract was 


Biochem. 1937 xxx1 60 
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acidified with HCl and extracted with ether for 24 hr. After washing the extract 
with aqueous NaHCO, and with water, the ether was evaporated. The residue 
was dried in a vacuum over cone. H,SO, for 10 days, and gave 9-4 g. of a brown 
syrup (“‘phenolic”’ fraction). The butyl alcohol and light petroleum were dis- 
tilled off from the solution, after washing with alkali, and gave about 5g. of a 
clear red gum (neutral fraction). 


Treatment of neutral fraction 


A solution of the gum in alcohol (50 ml.) was treated with an aqueous 
solution of semicarbazide hydrochloride (4 g.) and sodium acetate (4 g.) and the 
whole boiled for 4 hr. A crystalline solid began to separate after a few minutes 
and gradually increased in quantity. After cooling in the ice-chest the semi- 
carbazone was collected and washed with water and with ether. The yield was 
1-4 g. of a pink microcrystalline powder, M.P. 262—265°. This product (1-15 g.) 
was extracted 6 times with boiling alcohol (boiled for 1 hr. with portions of 
60 ml.). The insoluble residue (635 mg.) had M.p. 264-266°. The alcoholic extract 
was concentrated to one-third of its volume, and cooled, when a solid crystallized 
(135 mg.), M.P. 257-259°. Both this and the insoluble residue were shown to 
consist of the semicarbazone of A?:>-androstadiene-17-one, the isolation of which 
is described below. The alcoholic mother-liquors were evaporated to dryness and 
the material thus obtained was combined with a further quantity of semi- 
carbazone obtained by dilution of the aqueous alcoholic liquors of the original 
preparation. This mixture of more soluble semicarbazones (550 mg.) was 
hydrolysed by 30 min. boiling with a mixture of alcohol (75 ml.), cone. H,SO, 
(10 ml.), and water (15 ml.). The clear solution was diluted with water, extracted 
with ether, and the extract washed, dried (sodium sulphate), and the ether 
removed. The residue was distilled from a bath at 120°, at about 0-001 mm., 
and the liquid distillate (200 mg.) was heated in aqueous alcoholic solution for 
4 hr. with hydroxylamine hydrochloride (1 g.) and sodium acetate (1 g.). The 
solution was poured into water, and next day the crystalline precipitate was 
collected and recrystallized from methyl alcohol, when it had m.p. 168-178°. 
This mixture of oximes was sublimed at 150° in a high vacuum and recrystallized 
twice from methyl alcohol. The resulting oxime (7-5 mg.) formed colourless 
needles, M.P. 200-202°, after sintering at 195°, and gave an orange-red colour 
with conc. H,SO,. There was insufficient material for further purification. 
Analysis suggested that this was an oxime of a ketone C,,H,,0, (I?). (Found: 
C, 73-7; H, 96%. C,,H,,30,N requires C, 72-6; H, 9-6°%.) The liquors from the 
final two crystallizations of the oxime were concentrated and gave 3-5 mg. of 
material, M.P. 187-192°, after sintering. This was hydrolysed with aqueous 
alcoholic H,SO, and tested for oestrogenic action. 


Isolation of A**°-androstadiene-17-one (III) 


The sparingly soluble semicarbazone (635 mg.) obtained from the neutral 
fraction as described in the preceding section was hydrolysed by 30 min. boiling 
with a mixture of alcohol (75 ml.), conc. H,SO, (10 ml.) and water (15 ml.). The 
product was isolated in the usual way and distilled at about 0-001 mm. from an 
air bath at 100°. The colourless distillate slowly crystallized and was recrystallized 
from aqueous methyl alcohol. The resulting A**5-androstadiene-17-one (0-25 g.) 
formed colourless leaflets, m.p. 88-89°, not depressed by admixture with a 
specimen prepared by dehydration of dehydroandrosterone (see below). (Found: 
C, 84:3, 84-2; H, 9-9, 9-8%. C,gH,,0 requires C, 84:4; H, 9-7%.) This ketone 
had [«]7°= —30-4° (c in ethyl aleohol=2-04). The oxime, prepared in aqueous 
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alcoholic solution, crystallized from methyl alcohol, in which it is easily soluble, 
in colourless needles which had m.p. 164-170°, after sintering at 160°. A sharp- 
melting product could not be obtained; presumably this was a mixture of syn 
and anti oximes. (Found: C, 79-9, 79-9; H, 9-6, 9-6; N, 5-75%. C,gH,,ON 
requires C, 79-95; H, 9-55; N, 4-9°% .) The semicarbazone, prepared from the pure 
ketone, was very sparingly soluble in alcohol. It crystallized from dioxan in 
microscopic silky needles, M.p. 291-292°. The m.P. is dependent on the rate of 
heating. This value was obtained by introducing the specimen into a bath 
previously heated to 255° and heating at such a rate that the determination was 
complete in 2 min. With slower heating values ca. 275-280° are obtained. 
(Found: C, 72-8; H, 9-0; N, 12-7%. CpH.,ON; requires C, 73-3; H, 8-9; N, 
12-8 %.) 

When the pure ketone was isolated it was shown by qualitative tests (orange- 
brown colour with H,SO,; decoloration of pyridine sulphate dibromide; re- 
duction of boiling permanganate solution) to be unsaturated. The presence of 
two ethylenic linkages was demonstrated by microhydrogenation: (a) with a 
Pd-BaSO, catalyst the hydrogen absorption was equivalent to 2-15 mol.; 
(6) with a PtO, catalyst, which would also reduce the carbonyl group, the 
hydrogen absorption was equivalent to 2-82 mol. 


17-Androstanone (IV) 


An alcoholic solution of the unsaturated ketone (50 mg.) was shaken with 
palladium-black (25 mg.) and hydrogen for 3? hr. The product crystallized from 
aqueous methyl alcohol in colourless leaflets, m.p. 118—-120°, and gave no colour 
with conc. H,SO,. Its M.P. was not depressed by admixture with an authentic 
specimen of 17-androstanone, very kindly supplied by Prof. A. Butenandt. 
(Found: C, 82-7; H, 11:0%. Cale. for C,,H,,0, C, 83-1; H, 11-0%.) The semi- 


carbazone crystallized from dioxan as a microcrystalline powder, M.P. 287—288°, 
in a bath preheated to 250°. (Found: C, 72-1; H, 9-9%. Calc. for C,)H,,0ON;, 
C, 72-4; H, 10-0%.) The m.p. of this semicarbazone has been variously given as 
263-266° [Butenandt & Dannenbaum, 1934], 270° [Ruzicka et al. 1935] and 275° 
[Fernholz & Chakravorty, 1935]. The identification of this saturated ketone was 
completed by reduction to the parent hydrocarbon, androstane (V), for which 
purpose the semicarbazone (100 mg.) was heated with sodium ethoxide (from 
0-2 g. of sodium and 3-4 ml. of alcohol) at 180° for 18 hr. The product was 
extracted with ether, and distilled at 0-02 mm. The androstane distilled at 
85-90° (bath temperature) as a colourless gum which was dissolved in acetone 
and the solution strongly cooled. The resulting crystals had m.p. 49°, alone or 
mixed with an authentic specimen of androstane prepared by Clemmensen 
reduction of 3:17-androstanedione [compare Butenandt & Tscherning, 1934]. 
In the above distillation of the Wolff-Kishner reduction products a higher 
fraction sublimed at 120-140°. This was recrystallized from hexane and gave 
about 3 mg. of colourless leaflets, M.p. 156-158°. This was clearly a 17-hydroxy- 
androstane formed by incomplete reduction of the ketone; a compound of 
similar M.P., which could be oxidized to 17-androstanone, was obtained by 
Reichstein [1936, 2] as a by-product in the Clemmensen reduction of andro- 
stanedione. 
Examination of *‘ phenolic” fraction 

Separation of ketonic constituents. A solution of the crude brown syrup in 
alcohol (40 ml.) and glacial acetic acid (5 ml.) was heated on the water-bath 
for 1 hr. with trimethylaminoacetohydrazide chloride (5 g.) [Girard & Sandu- 
lesco, 1936]. After cooling and diluting with water, the ice-cold solution was 
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treated with 3 g. of NaOH (sufficient to neutralize 9/10 of the acetic acid), and 
then extracted 3 times with ether. The ether extract was dried and the ether 
removed (‘‘non-ketonic phenolic” fraction). The aqueous solution was treated 
with dil. H,SO, (containing 10 ml. of cone. acid) so that the total volume was 
about 500 ml. After an hour at room temperature the whole was extracted with 
ether, the ethereal extract dried (sodium sulphate), the ether removed on the 
water-bath and the residue (about 0-5 g.) heated with semicarbazide in aqueous 
alcoholic solution for 24 hr. The mixture of semicarbazones thus formed was 
separated by means of alcohol into three main fractions. Fraction A consisted 
of an insoluble residue which remained after repeated extraction with boiling 
alcohol. This had M.P. about 275-280°, and there was insufficient for further 
examination. Fraction B crystallized when the alcoholic extracts were con- 
centrated. This was recrystallized from alcohol (charcoal) and then formed fern- 
like clusters of small colourless needles, m.p. 269—270°, which depressed the M.P. 
of oestronesemicarbazone. The yield was about 10 mg. Analysis suggested the 
semicarbazone of a ketone C,,H,,0,. (Found: C, 66-9; H, 9-1; N, 113%. 
C.9H3,0,N;, requires C, 66-4; H, 8-65; N, 11-6%.) The hydrogen figure is con- 
siderably too high for the compound to contain an aromatic ring in a sterol type 
of molecule, and the appearance of this compound in the “phenolic” fraction 
must be ascribed to the presence of some other acidic group (e.g. a B-diketone) 
or to mere physical solution in the alkaline phenoxides. Fraction C was a 
mixture of semicarbazones of indefinite M.p. obtained by diluting with water 
the alcoholic liquors of fractions A and B. Fraction C contained the bulk of the 
oestrogenic material. Moreover, oestrone, if present, would have appeared in 
this fraction. 

Isolation of p-cresol. The ‘‘non-ketonic phenolic” fraction, i.e. that portion 
of the phenolic fraction which did not react with Girard’s reagent, was distilled 
at 25mm. At 150° (bath temperature) 0-75 g. of a colourless evil-smelling liquid 
distilled. This was completely soluble in dilute alkali and was shown to be 
essentially p-cresol. Its benzoate had m.P. 68-69°, alone or mixed with an 
authentic specimen. For further characterization two new derivatives were 
prepared. The 3:5-dinitrobenzoate crystallized from alcohol in colourless flat 
needles, M.P. 180°. (Found: C, 55-6; H, 3-3; N, 93%. C,,H,O,N. requires 
C, 55-6; H, 3-3; N, 9-5%.) The m.P. was not depressed by a specimen, M.P. 186°, 
prepared from pure p-cresol. The p-phenylbenzoate crystallized from alcohol in 
colourless leaflets, M.p. 124-125°. (Found: C, 82-9; H, 5-5%%. CoH,,0, requires 
C, 83-3; H, 5-6%.) A specimen prepared from pure p-cresol had m.P. 126°. 


A3:5. 4 ndrostadiene-17-one from dehydroandrosterone (II) 


A mixture of dehydroandrosterone (200 mg.) and anhydrous copper sulphate 
(200 mg.) was heated at 200° for 15 min. The whole was extracted with water 
and ether, the ethereal solution dried with sodium sulphate and the ether 
removed. The residue was extracted with boiling alcohol and the solution cooled. 
The resulting crystals were recrystallized from alcohol and then formed colourless 
plates, M.p. 263°. This was an ether resulting from loss of 1 mol. of water from 
2 mol. of dehydroandrosterone. (Found: C, 81-55; H, 9-7%. Cs,H;,0, requires 
C, 81-7; H, 9-75 % .) The alcoholic mother-liquors were evaporated to dryness and 
the residual red gum was distilled at 130°/0-03 mm. The distillate was twice 
recrystallized from aqueous methyl alcohol and then formed colourless leaflets, 
M.P. 87—88°, not depressed by the unsaturated ketone isolated from the urine. 
This sample had [x]7;° = —31-4° (ce =0-287 in ethyl alcohol), and the identification 
was completed by spectroscopic comparison and by the preparation of the 
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semicarbazone (mixed m.P.). The samples of this ketone from both sources 
showed very strongly the Rosenheim reaction with trichloroacetic acid, in 
conformity with the structure assigned to this unsaturated ketone [cf. Schoen- 
heimer & Evans, 1936]. 

Preparation of 3-androstanone 


Dehydroandrosterone semicarbazone (1-1 g.) was heated in a sealed tube at 
180° for 18 hr. with sodium ethoxide (1-1 g. of sodium in 15 ml. of alcohol). The 
product was extracted with ether, dried and distilled. At 120—130°/0-001 mm. 
an oil distilled which afterwards solidified and was recrystallized from hexane. 
The crystals (0-6 g.) had an indefinite M.P. (80-100°). This substance was treated 
with bromine in acetic acid solution; bromine absorption ceased when only 
10% of the Br required for the desired carbinol had been added. The whole was 
then oxidized with chromic acid (0-8 g.) in acetic acid at room temperature 
(18 hr.), and the product was debrominated by boiling its acetic acid solution 
with zine dust. The resulting ketone was purified through its semicarbazone, 
there being isolated a completely saturated ketone (30 mg.), presumably 3- 
androstanone (VIII), which crystallized from aqueous methy] alcohol in colourless 
plates, M.p. 97-98°. (Found: C, 82-7; H, 10-9%. C,gHO0 requires C, 83-1; 
H, 11-0%.) The semicarbazone had m.P. 238—240° (from dioxan). 


Biological assay 


Oestrogenic activity. This was estimated by the procedure of Allen and Doisy. 
The test animals were ordinary stock mice as supplied by a dealer. The usual 
precautions were observed to ensure the use only of mice which had been 
completely ovariectomized, and the animals were shown to give a normal 
response when injected with oestrone. Sesame oil was used as the medium for 
the injections and the concentration and spacing of the doses were such that each 
mouse received 4 doses of 0-1 ml. spread over 30 hr. In order to conserve material 
only 4 or 5 mice were usually employed for the initial test, but in the case of 
fractions found to be active the final assay was made with 12 mice. The following 
results were obtained : 

(i) A%+5-Androstadiene-17-one. The pure unsaturated ketone gave no oestro- 
genic response when administered to mice in quantities of 1 mg. per mouse. 

(ii) Ketone C2;H320; (?). The analytical sample of the oxime, m.P. 200—-202°, 
was hydrolysed with H,SO, in aqueous alcoholic solution, and the hydrolysate 
injected into 4 mice so that each mouse received 0-2 mg. No activity was shown. 
The material obtained from the mother-liquors of the crystallization of this 
oxime (3 mg.) was found, after hydrolysis, to contain about 50 1.U. of oestrogenic 
material. This corresponds with 5y of oestrone, a small amount of which might 
quite conceivably have been carried through into this fraction. 

(iii) Semicarbazone of the ketone, C1gH2s03, isolated from the “‘ketonic phenolic” 
fraction. A specimen of the semicarbazone (6-3 mg.), M.P. 269-270°, which was 
obtained in the same way as the analytical sample, was hydrolysed and the 
product injected into 4 mice. It was estimated that this specimen contained 
about 10-20 1.v. (i.e. the equivalent of 1-2y of oestrone). As the mother liquors 
of the crystallization of this semicarbazone contained the bulk of the oestrogenic 
activity of the original urine it is reasonable to assume that the slight activity 
detected in this less soluble material is due to impurity, and that the pure ketone 
would be inactive. 

(iv) More soluble semicarbazones from the ketonic phenolic fraction. The 
combined semicarbazones were hydrolysed with H,SO, in aqueous alcohol. The 
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product gave a strong oestrogenic response and was injected in increasingly 
high dilutions. It was estimated that this material, from the whole 301. of 
urine, contained about 30,000 I.U., corresponding with 3 mg. of oestrone. 

Male hormone activity of A®*°-androstadiene-17-one. The technique used was 
based on that of Greenwood et al. [1935]. In a preliminary test 2 capons received 
two injections on successive days of a solution of the ketone (0-5 mg.) in sesame 
oil. The results suggested slight comb-growth activity, and 1 capon was therefore 
standardized by measuring the comb-growth (length and height) produced by 
doses of 2 and 3 mg. respectively, of androsterone, and was then given a total 
amount of 8-5 mg. of A%*>-androstadiene-17-one in two injections on successive 
days. By the 4th day the increase in size (length and height) of the comb was 
11-0 mm. Assuming a linear relationship between the logarithm of the dose and 
the increase in size of the comb, it was found by interpolation that 1 1.v. 
(=100y androsterone) was contained in about 350-400y of the unsaturated 
ketone. A high degree of accuracy is of course not claimed, and it is proposed to 
repeat the assay using artificially prepared material and a larger number of birds. 

Test for cortical hormone activity. This was carried out by observing the time 
of survival of adrenalectomized rats [cf. Schultzer, 1936]. Nine rats of average 
weight 32 g. were adrenalectomized in one batch and divided into 3 groups 
(A, B and C) of 3 rats each. Each rat in group A received daily subcutaneous 
injections of 1 mg. of A®*5-androstadiene-17-one dissolved in 0-1 ml. of sesame 
oil, the first injection being made on the 2nd day after operation. The rats died 
after 5-5, 5-75 and 5-9 days, respectively (average 5-7 days). As a control, each 
of the rats in group B received daily injections of 1 ml. of ‘‘Cortin”’,! beginning 
on the 2nd day after operation. This was continued for 9 days, during which the 
average weight increased by 10g., the animals being very active and having 
excellent appetites. The cortin injections were then discontinued, and each rat 
then received 1 mg. of A**5-androstadiene-17-one per day, mixed with the food. 
Signs of adrenal insufficiency soon appeared, and the rats died 3-5, 5 and 6 days 
after cessation of the cortin injections (average 4-8 days). 

The rats in group C were kept as untreated controls. They died in 5-5, 6-8 
and 7-9 days after adrenalectomy (average 6-7 days). 

It is clear from these results that the technique was adequate, and that the 
unsaturated ketone had none of the activity of the cortical hormone, in the 
doses administered. ; 

SUMMARY 

A male patient with a malignant tumour of the adrenal gland excreted an 
excessive amount of oestrogenic hormone and showed concomitant signs of 
feminism. An attempt to isolate this hormone from the urine has not been 
successful, but the results are consistent with the view that the hormone is 
oestrone. From 30 1. of urine were isolated 0-75 g. of p-cresol, and three ketonic 
compounds which have not hitherto been recognized as urinary constituents. 
The chief of these three, of which 0-4 g. was isolated, has been shown by analysis 
and by its artificial preparation by dehydration of dehydroandrosterone to be 
A*-androstadiene-17-one. This ketone had weak comb-growth promoting activity 
in capons, but had no oestrogenic activity or cortical hormone activity. The 
other two compounds were isolated only in amounts insufficient for adequate 
characterization, but analysis of their derivatives suggests that they are repre- 
sented by the formulae C,,H,,0, and C,,H,,0,. Neither of these had appreciable 
oestrogenic activity. 

1 We are indebted to Organon Laboratories, Ltd., for the gift of this preparation, 1 ml. of 
which is stated to be equivalent to 50 g. of whole adrenal gland. 
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CXXVII. METABOLISM OF SULPHUR 
V. THE REPLACEABILITY OF /-CYSTINE IN THE 
DIETS OF RATS WITH SOME PARTIALLY 
OXIDIZED DERIVATIVES!” 


By MARY ADELIA BENNETT 
From the Lankenau Hospital Research Institute, Philadelphia 


(Received 24 April 1937) 


RECENTLY several partially oxidized products of l-cystine have become available 
for biochemical study. These compounds possibly play an important role in the 
intermediary metabolism of cystine. Since the amino-acid cystine is essential 
for growth, it is of interest to find out to what extent these partially oxidized 
compounds can replace it. The partially oxidized sulphur groups considered in 
the present paper are (~SO—SO—), (—SO,H) and (—SOH). The (—SO—SO—) 
was used in the form of /-cystinedisulphoxide, the (SO,H) as /-cysteinesulphinic 
acid, and the (—SOH) in the form of S-(guanylthio)-cysteine.2HCl, which as 
shown by Toennies [1937] hydrolyses to thiourea and 1[-cysteinesulphenic 
acid. As controls for the latter, thiourea and dithioformamidine were employed. 
As an additional control, highly purified /-cystine was also used. 


PREPARATION OF COMPOUNDS 


The purified cystine was prepared in the following manner: 80 g. of l-cystine (Merck) were 
dissolved in 1330 ml. N HCl, filtered and diluted with water to 10,000 ml.; 1240 ml. N NH,OH 
were added to bring the solution to pH 2-2-3-0 with thymol blue and bromophenol blue as in- 
dicators. The cystine was filtered off after 1 hr. and washed with water, alcohol and ether. About 
83% was recovered. Ten recrystallizations were made using the same proportions of reagents. 
The final yield of cystine was 20 g., 25% of the original amount. 

The l-cystinedisulphoxide was generously prepared by Merck and Co., Rahway, N.J., according 
to the method of Toennies & Lavine [1936]. The thiourea was also their product. 

The /-cystinesulphinic acid was prepared by the alkaline decomposition of /-cysteinedi- 
sulphoxide [Lavine, 1936]. The sulphinic acid present in solution was determined by KI-HCl 
reduction aad titration with Na,S,0,. The cystine present in solution was determined by the 
colorimetric method of Shinohara [1935] and was found to amount to 0-3-0-4 mg. per rat daily. 
Half of the control animals were fed this amount of /-cystine per day, but no effect on growth 
could be detected. 

The S-(guanylthio)-cysteine. 2HCl was prepared by Dr Toennies [1937]. The author is also 
indebted to him for the dithioformamidine.2HCl, synthesized by him from thiourea by the 
method of Béeseken [1936]. 


EXPERIMENTAL 


Young albino rats, Wistar strain, were used as experimental animals. All 
were kept on Dyer & du Vigneaud’s [1936] cystine-deficient diet, containing 
6-0 % casein and 16-0 % milk vitamin concentrate. In all experiments the basal 
diet was freshly prepared every 4 or 5 days and kept in the refrigerator. 

1 A report of this work was presented before the meeting of the American Society of Biological 
Chemists, Memphis, April 1937. 

? Aided by the Robert McNeil Fellowship of McNeil Laboratories, Philadelphia. 
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The special compounds were fed individually in small pieces of butter, the 
control animals receiving the same amount of butter. These special diets were 
mixed with the butter once a week and kept in individual covered glass dishes 
in the refrigerator. The chemicals for the third experiment were mixed with 
butter and immediately placed at —10° to prevent decomposition, since the 
dithioformamidine and the S-(guanylthio)-cysteine are unstable when neutral. 
The special diets were continued for 2 weeks, the animals being weighed every 
other day and the average weight of the group plotted. 


JZ CYSTINE (MERCK) 


CYSTINE (PURIFIED) 
7 CYSTINEDISULPHOXIDE 


7 CYSTERESULPHINIG ACID 


“~~ Y 


ee CONTROL 


BASAL DIET 
+ 
TEST COMPOUNDS 


BASAL DIET 





TEST COMPOUNDS 


Fig. 2. 
Fig. 1. Replaceability of /-cystine in the diets of albino rats by 1-cystinedisulphoxide. 


Fig. 2. Replaceability of l-cystine in the diets of albino rats with l-cysteinesulphinic acid. 


In the first experiment 32 rats from 6 litters, about 1 month old, were 
divided into 4 comparable groups of 8 animals each, 6 males and 2 females. 
After 8 days on the cystine-deficient diet group A was continued without cystine 
supplement, group B received in addition 20 mg. of J-cystine per day, group C 
20 mg. of recrystallized /-cystine and group D was supplemented with /-cystine- 
disulphoxide containing the sulphur equivalent of the cystine fed, 22-6 mg. daily. 
Fig. 1 shows the growth curve obtained. 

In the second experiment 26 rats from 4 litters, about 1 month old, were 
divided into 3 groups of 8, 9 and 9 animals respectively ; 5 females in each group, 
the rest males. After 8 days on the cystine-deficient diet group A was continued 
on the same, group B was fed 20 mg. of J-cystine daily, group C was given the 
sulphinic acid containing the sulphur equivalent of the cystine, 25-5 mg. daily 
for 14 days. Fig. 2 gives the results. 

In the third experiment 40 rats from 5 litters, about 1 month old, were 
divided into 5 comparable groups of 8 animals, 4 males and 4 females in each 
group. After 8 days on a cystine-deficient diet, group A was continued without 
cystine supplement, group B was fed 20 mg. of /-cystine per day, group C was 
given thiourea; the first dose was 12-7 mg. daily, the amount containing 
1 sulphur equivalent of the cystine fed. This dose proved too toxic for the rats, 
therefore the amount was halved on the second day, 6-4 mg. of thiourea 
being fed. The fourth group D was fed 1 sulphur equivalent of dithioforma- 
midine.2HCl, 18-6 mg., which because of toxicity-was also reduced to half the 
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dose, or 9-3 mg. after the first day. The final group E was fed 1 sulphur equivalent 
of S-(guanylthio)-cysteine.2HCl, 22-3 mg. daily for 14 days. An equivalent of 
NaHCoO,, 14 mg., was added to the butter mixtures of each hydrochloride to 


<— CYSTINE 


45-GUANYLTHI 
~~, CYSTEINE 2HCL 
- } 


/ CONTROL 


/ 
s ¥, THIOUREA 
A: 
fF ae - 26 SDITHIOFORMAMIDINE 
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/ 
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pf 
y + 
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f / 
19 
‘ 
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Dars— 5 


Fig. 3. Replaceability of l-cystine in the diets of albino rats with /-cysteinesulphenic acid, 
theoretically produced by hydrolysis of S-(guanylthio)-cysteine. Thiourea and dithioforma- 
midine are used as additional controls. 


neutralize the acidity. The groups A, C, D and E were then fed 20 mg. of l-cystine 
daily, in addition to the basal and special diets, for 7 more days, in order to test 
the toxicity of the compounds being fed. Fig. 3 shows the results obtained. 


Discussion 


Identical growth curves were obtained with /-cystine (Merck) and the highly 
purified /-cystine, showing that our control experiments with cystine were free 
from any contaminating substance. 

Medes [1935] reported that J-cystinedisulphoxide was capable of replacing 
l-cystine in the diet of rats, but because of the high cystine content of her basal 
diet, the results were not clear-cut and hence it was deemed worth while to 
repeat the experiment. /-Cystinedisulphoxide in the present set of experiments 
produced growth, the slope of the curve being practically identical with that of 
the control animals receiving cystine. Therefore the reaction 


—so—S0— + —S—S—+20 


probably occurs in the body. This would indicate that the dismutation, shown by 
Lavine [1936] to occur in solution, does not take place in the organism under 
the conditions of these experiments. According to that series of reactions only 
1 equivalent of cystine is available from 3 equivalents of cystinedisulphoxide. 

1-Cysteinesulphinic acid produced no growth; the curve closely followed that 
of the control without cystine, indicating that —SO,H was not converted into 
—SH or —S—S—. This is consistent with the prediction of Hammett [1930] 
that increase in the state of oxidation of SH means decrease in its reversible 
reduction capacity. 
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The —SOH derivative, /-cysteinesulphenic acid, was produced by feeding 
S-(guanylthio)-cysteine, which, according to Toennies [1937], hydrolyses in 
solution to give /-cysteinesulphenic acid, possibly according to the following 
set of reactions: 


3RSSU +3H,0 > 3RSOH +3USH 
2RSOH RSH + RSO,H 

RSH+RSOH- RSSR+H,0 

3RSSU +2H,0— RSSR + RSO,H + 3USH 


From the equation above it is possible to obtain only 33 °% cystine. An alternative 
possibility may be expressed by the following equation, in which case cystine 
to the extent of 50% would be available for growth: 


2RSSU —RSSR+ USSU. 


The R-SOH compound produced an increase in weight, while the three 
control curves, in comparison, showed a gradual decrease. In spite of the 
evidence for the first group of reactions in solution, it is not certain that these 
occur in the organism. It is not possible from the growth curves of the animals 
to decide between these two possibilities, although the slight growth suggests 
the availability of the smaller amount. 

Addition of /-cystine caused the groups containing the experimental sub- 
stances to grow in approximately the same proportions, indicating that lack of 
growth was not due to toxic properties of the compounds fed but to absence of 
sufficient l-cystine from the diet. 


SUMMARY 





Identical growth curves were obtained with J-cystine (Merck) and with 
highly purified /-cystine added to a cystine-deficient diet of albino rats. 

l-Cystinedisulphoxide, —SO—SO— group, proved capable of replacing 
l-cystine in the diet. 

I-Cysteinesulphinic acid, —SO,H group, produced no growth. 

S-(Guanylthio)-cysteine.2HCl, which probably gives rise to /-cysteinesul- 
phenic acid, —SOH group, resulted in a slight, but definite increase in growth. 

The possible reactions involved are discussed. 


The author wishes to express her gratitude to Dr Medes for advice and 
helpful criticism. 
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By BERT CYRIL JAMES GABRIEL KNIGHT?! 


From the Department of Bacterial Chemistry (Medical Research Council), 
Bland-Sutton Institute of Pathology, Middlesex Hospitai, W. 1 


(Received 29 April 1937) 


In a previous paper [Knight, 1937] the aerobic growth of a strain of Staphylo- 
coccus aureus in a medium of known chemical composition was described... It was 
shown that nicotinic acid and aneurin together could replace the “‘ staphylococcus 
growth factor” preparation (high-vacuum distillate [Knight, 1935]) ordinarily 
used, which had to be added to the deficient basal medium, containing chiefly 
amino-acids and glucose [Fildes et al. 1936] before the growth of typical strains 
of the organism could take place. It was shown that the growth factor was a com- 
plex of at least two components, one being replaceable by nicotinic acid (or its 
amide), the other by aneurin. 

It has now been found by Dr G. P. Gladstone (unpublished) that 12 other 
typical strains of S. awreus—all, in fact, that have been tested—have similar 
nutrient requirements satisfied by nicotinic acid plus aneurin; none of these 
strains is satisfied by either substance alone. These growth requirements there- 
fore seem general for the organism. With the further addition of uracil [Richard- 
son, 1936] the organism can be grown anaerobically in the same medium. 

The present paper concerns the quantitative activities of nicotinamide and 
aneurin, and the ability of the organism to use certain compounds related to 
aneurin instead of this substance itself. 


The activity of nicotinamide 

A titration of nicotinamide in the presence of excess of aneurin, using the 
amino-acid basal medium, is recorded in Table I. The technical details of the 
bacteriological testing for growth activity are given by Fildes et al. [1936] and 
need not be repeated here. 

It is seen that maximum growth is obtained with approximately 10-* MV 
nicotinamide. For routine growth purposes 10-> M nicotinic acid or the amide 
provides an ample quantity of either of these substances. 

Nicotinic acid in the high-vacuum distillate. Spectrophotometric examination 
of the high-vacuum distillate [Knight, 1935; 1937] by Mr E. R. Holiday indicated 
that nicotinic acid or some closely related compound was present. Estimated by 
comparison with a solution of nicotinic acid, not more than 2 % of this distillate 
consisted of nicotinic acid. Nicotinamide gives a sufficiently different absorption 
spectrum for it to be possible to say that the selective absorption of the distillate 
can be accounted for by the acid. Short of actual isolation, the evidence is clear 
that it is to nicotinic acid or some closely related compound? that the biological 
activity of the one component of the distillate is in fact due. 

1 Halley Stewart Research Fellow. 

2 Synthetic pyridine-2-carboxylic and pyridine-4-carboxylic acids have not yet been tested. 
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Table I. Titration of nicotinamide 


Basal medium: amino-acids, glucose [Fildes et al. 1936]. 

Aneurin chloride (synthetic [Todd & Bergel, 1937]}) 2-0 x 10-? M in each tube. 
Nicotinamide added in serial dilution. 

Aerobic growth at 37°. 


Nicotinamide 
a 
Dose y per Growth 
10 ml. of ee a 


medium Cone. (M) 22 hr. 27 hr. 46 hr. 


100-0 8-2 x 10-5 ++ ++++ +b + + 
20-0 1-6 x 10-5 ++ ++++ ak oe 
4-0 3-3 x 10-* ++ ++++ ++++ 
0-8 6-6 x 10-7 ++ ++++ ++++ 
0-16 1-3 x 10-7 tr. ++ es ok 
0-032 2-6 x 10-8 tr. + 7. 


++++=maximum growth; other + signs proportional to mass of growth judged by opacity. 
tr. =opacity just visible to naked eye. 


The activity of aneurin 


The following specimens of synthetic aneurin have been tested: (1) specimen 
from Prof. R. A. Peters, Baeyer product; (2) specimen synthesized by Todd & 
Bergel [1937]; (3) Hoffmann-La Roche product. 

All these specimens of aneurin were active at the same concentrations, within 
the limits of the test, when tested in presence of excess of nicotinic acid. Two 
typical titrations of aneurin are recorded in Table II, from which it is seen thata 
detectable effect with aneurin, namely an amount of growth in 10 ml. of medium 
giving an opalescence just visible to the naked eye, can be obtained at ap- 
proximately 5-0 x 10-° M (i.e. 0-00015y/ml.). Heavy growth is obtainable at 
1-0 x 10-8 M without noticeable increase in opacity when larger doses are added. 
Taking this figure, equivalent to 0-3y/100 ml. of medium, as approximating to 


Table II. Titration of aneurin 


Basal medium: amino-acids, glucose [Fildes et al. 1936]. 
Nicotinamide added to each tube. 

Aerobic growth at 37°. 

Aneurin added in serial dilution. 


Nicotinamide 4-0 x 10-5 M Nicotinamide 1-0 x 10-5 M 
a ———— A 
Growth Growth 
Aneurin* —_ss—_ Aneurint 
M 20 hr. 40 hr. M 





cr 


1-0 x 10-6 - ++++ -—- 

2-0 x 10-7 ++ ++++ 2-5 x 10-7 

4-0 x 10-8 ++ ++++ 5-0 x 10-8 

8-0 x 10-° ++ ++++ 1-0 x 10-8 

1-6 x 10° ++ +++ 2-0 x 10-° 

3-2 x 10-19 tr. tr. 4-0 x 10-10 
—_ — — 8-0 x 10-4 


* Aneurin synthesized by Todd & Bergel [1937]. 
+ Hoffmann-La Roche synthetic product. 
++-+-+=maximum growth; number of + signs proportional to mass of growth judged by 
opacity. 
tr.=trace of growth. ?=doubtful trace of growth. 
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that required for optimum growth, it may be compared with the optimum con- 
centration found by Tatum et al. [1936] to be required for Propionibacterium 
pentosaceum 11, namely 0-5y/100 ml. of medium. The requirements of the two 
organisms for this substance are therefore closely similar. 

For routine growth purposes a concentration of 1-0 x 10-7 M provides an 
ample quantity of aneurin for S. aureus. 


Aneurin derivatives 


A specimen of an “aneurin” without the 5-8-hydroxyethyl group which is 
attached at the 5-position in the thiazole ring of aneurin proper (see Fig. 1) was 
tested. This substance had been synthesized by Dr A. R. Todd (unpublished). 
At a concentration of 10-> M it was inactive, but tested in the presence of 
4-methyl-5-8-hydroxyethylthiazole (2-0 x 10-’ M) this derived aneurin gave good 
growth (see Table ITI). 

Thiochrome. Two different synthetic specimens [Todd, Bergel, Fraenkel- 
Conrat & Jacob, 1936] of this substance were tested. Alone at concentrations 
of the order of 1-0 x 10-> M a slight growth was obtained, with much enhanced 
activity in presence of 4-methyl-5-8-hydroxyethylthiazole (see Table III). 
Thiochrome is the only aneurin derivative of the two tested which shows any 
activity alone (at least up to 10-° M). 


The ‘“‘aneurin-component”’ of the high-vacuum distillate 


From the mode of preparation of the growth factor concentrate from auto- 
lysed yeast extract, involving a high-vacuum distillation above 105°, and from 
the stability of the growth factor to autoclaving at acid and alkaline reactions 
[Knight, 1935], it was impossible that aneurin itself could be responsible for the 
activity of that component of the distillate which it could replace. It was there- 
fore likely that thermal or other degradation products of aneurin were present in 
the distillate, which could be used by the organism as well as the complete 
aneurin molecule. 

Spectrophotometric examination did not give any positive evidence on this 
point. This does not exclude the presence of pyrimidine or thiazole types of 
compound derived from aneurin, however, but only indicates that if present 
they must be in much smaller concentration than the nicotinic acid. The 
quantitative testing of aneurin and related compounds (see Tables II and III) 
shows that this could be so and still account for the biological activity of the 
distillate. Another approach was therefore made to the problem of what 
degradation products of aneurin might be present in the distillate which were 
utilizable by S. aureus. Through the generous co-operation of Dr A. R. Todd it 
has been possible to test the activity of various synthetic pyrimidines and 
thiazoles related to aneurin, and to see how far these could replace the “aneurin- 
component” of the staphylococcus growth factor. 


Activities of pyrimidines and thiazoles related to aneurin 


Possible thermal or other degradation products of aneurin which might be 
expected in the high-vacuum distillate would be derived from the thiazole or 
pyrimidine parts of the molecule; thiochrome was also a possibility. The blue 
fluorescence of the distillate in ultraviolet light [Knight, 1935] could not corre- 
spond to more than 1 % of thiochrome according to Prof. R. A. Peters’s estimate 
(private communication). Comparing the activity. of thiochrome alone with the 
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activity of the distillate it seems improbable that the activity of the latter could 
be due only to its thiochrome content. 

The following synthetic products were examined for activity, alone and in 
mixtures, as substitutes for aneurin: 


Substance Synthesized by 


4-Methylthiazole Dr A. R. Todd 
4-Methyl-5-8-hydroxyethylthiazole Todd, Bergel and Jacob [1936] 
4-Hydroxy-5-hydroxymethy]-2-methylpyrimidine Dr A. R. Todd 
4-Hydroxy-5-aminomethyl-2-methylpyrimidine Todd, Bergel, Fraenkel-Conrat & 
Jacob [1936] 
4-Amino-5-aminomethyl-2-methylpyrimidine Todd & Bergel [1937] 
4-Amino-5-thioformamidomethyl-2-methylpyrimidine Todd & Bergel [1937] 
4-Amino-2-hydroxypyrimidine (cytosine) Richardson [1936] 
For convenience of reference the structural formulae of aneurin chloride, 
4-amino-5-aminomethyl-2-methylpyrimidine and 4-methyl-5-8-hydroxyethyl- 
thiazole are given in Fig. 1. 


———= —NH, HC . 
NS 4 - 2 I : 
$C —CH,CH,0H 
CH,—€ 2 5 C—CH,.NH, RE ncn, 


N 1 6 ey 4-Methyl-5-8-hydroxyethylthiazole 


4-Amino-5-aminomethyl-2-methylpyrimidine 


pyrimidine ring thiazole ring 


9 l 


3 4 ~ 


5 (C—CH,CH,OH 


J, 


cc, 


Aneurin chloride 


Fig. 1. 


The 4-methyl-5-8-hydroxyethylthiazole is that corresponding exactly to 
the thiazole part of aneurin. Thiochrome can be formed by the oxidation of 
aneurin [Barger et al. 1935] whereby the nitrogen atom of the 4-amino-group 
becomes a bridge between the pyrimidine part of the molecule and the 2-carbon 
atom of the thiazole ring. The two samples of thiochrome used were synthesized 
directly [Todd, Bergel, Fraenkel-Conrat & Jacob, 1936]. 

Four of the pyrimidines had a CH, group in the 2-position as in aneurin. Two 
of these 2-methylpyrimidines had an amino-group in the 4-position, as in aneurin, 
the other two having hydroxy-groups in this position. In the 5-position of each 
2-methylpyrimidine there was a substituted methyl group. It is the —CH,— of 
this group which forms the bridge between the pyrimidine and thiazole parts of 
the aneurin molecule (see Fig. 1). In cytosine, the amino-group is in the same 
position as in aneurin, but the 2-methyl and 5-—-CH,— groups are lacking. 
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The pyrimidines and thiazoles were tested for activity, using the amino-acid 
basal medium and excess of nicotinamide, to see whether any of them could be 
used by the organism instead of the complete aneurin molecule. Not one of these 
pyrimidines or thiazoles was active when tested alone at concentrations approxi- 
mately 100 to 1000 times greater than that at which aneurin is active. It is clear 
therefore that the organism cannot use either the 4-methyl-5-8-hydroxyethyl- 
thiazole or, for example, the 4-amino-5-aminomethyl-2-methylpyrimidine, 
corresponding to the two parts of the aneurin molecule, singly, to replace the 
complete molecule. 

However, certain pairs of an appropriately substituted pyrimidine plus 
4-methyl-5-8-hydroxyethylthiazole were able at M concentrations approaching 
those at which aneurin is effective to permit good growth of S. aureus. The 
results obtained with the various compounds alone and in presence of equimolar 
or greater concentrations of 4-methyl-5-8-hydroxyethylthiazole are recorded in 
Table III. It is seen that in presence of an equimolar concentration of this 
thiazole both the 2-methylpyrimidines with an amino-group in position 4 showed 


Table III. Utilization of compounds related to aneurin, in presence of 
4-methyl-5-B-hydroxyethylthiazole 


Basal medium: amino-acids and glucose [Fildes et al. 1936]. 
Nicotinamide present throughout in excess (10-5 M/). 


. ° 
Aerobic growth at 37°. 4-methyl-5-B- 
hydroxyethyl- 
Cone. thiazole Growth 
Substance M M 48 hr. 
_ _ 3-5 x 10-5 0 
Aneurin 1-0 x 10-8 0 ++t++ 
Aneurin lacking 5-8-hydroxyethyl group 1-0 x 10-5 0 
Pa 1-0 x 10-8 2-0 x 10-7 ++++ 
Thiochrome 1-9 x 10-5 0 (*) 
. 1-0 x 10-5 0 tr.(*) 
- 7-6 x 10-6 0 
” 1-0 x 10-5 1-0 x 10-7 ++++ 
- 1-0 x 10-* 1-0 x 10-7 +++ 
me 1-0 x 10-7 1-0 x 10-7 ++ 
a 1-0 x 10-8 1-0 x 10-7 0 
4-Hydroxy-5-hydroxymethyl-2-methylpyrimidine 2-0 x 10- 2-0 x 10-* 0 
4-Hydroxy-5-aminomethyl-2-methylpyrimidine 1-0 x 10-* 2-0 x 10-* 0 
4-Amino- 2-hydroxy pyrimidine (cytosine) 2-0 x 10-5 2-0 x 10-7 0 
4-Amino-5-thioformamidomethyl]-2-methylpyrimidine _ 1-0 x 10-5(f.) 0 0 
ed <s 1-0x10-(f.) 1-0x10-* ++tt 
Sg as 1-0 x 10-*(a.) 1-0 x 10-* ++++ 
= ms 10x10-7(a.) 10x 10-7 + 
e. 36 1-0 x 10-8(a.) 10x 10-° ? 
4-Amino-5-aminomethy]-2-methylpyrimidine 1-0 x 10-4 0 0 
oa as 5-0 x 10-8 5-0 x 10-8 t++t+ 
is ee 1-0 x 10-8 1-0 x 10-8 ++t+ 
o = 2-0 x 10-® 2-0 x 10-® ++ 
3 ie 4-0 x 10-1 4-0 x 10-1 tr. 
8-0 x 10-4 8-0 x 10-44 : 


(f.) Sterilized by filtration through Seitz filter pads; actual concentration may be less than 


recorded. 
(a.) Sterilized by autoclaving, 20 min. at 115°. 
+++ -+=maximum growth; number of + signs proportional to amount of growth, judged by 


opacity. 
( *) —Two different specimens of thiochrome. 
tr.=opacity just visible to the naked eye. 
=doubtful trace of opalescence. 
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activities nearly as great as that of aneurin itself, while there was no activity 
with the corresponding 4-hydroxy-2-methylpyrimidines. All pairs of a pyrimi- 
dine plus 4-methylthiazole were ineffective. 


Discussion 


The results show that aneurin itself or a mixture of the pyrimidine plus the 
thiazole, both substituted exactly as in aneurin, can replace the “‘aneurin com- 
ponent” of the staphylococcus growth factor. A differently substituted 
pyrimidine or thiazole is inadequate. It is probable that suitably substituted 
compounds of these types account for the activity of the “‘aneurin component” 
of the high-vacuum distillate. 

The degree of specificity is further indicated by the fact that an aneurin 
lacking the B-hydroxyethyl group which is attached at the 5-position of the 
thiazole ring of aneurin proper was inactive. 

Similarly 4-amino-5-aminomethyl-2-methylpyrimidine (Fig 1) or the cor- 
responding 5-thioformamidomethyl compound plus 4-methyl-5-8-hydroxyethyl- 
thiazole (Fig. 1) permits growth; but substitution of a 4-hydroxy-group for the 
4-amino-group in the pyrimidine causes loss of activity. The organism is there- 
fore apparently unable to substitute an amino-group for a hydroxy-group at the 
4-position. The failure of 4-amino-2-hydroxypyrimidine (cytosine) plus 4-methyl- 
5-B-hydroxyethylthiazole to permit growth may be due to the absence of the 
2-methyl group or to the absence of a 5-—-CH,— group to form the link with the 
thiazole, if the synthesis of aneurin is necessary (see below). 

The failure of a mixture of 4-amino-5-aminomethyl-2-methylpyrimidine plus 
4-methylthiazole to give growth agrees with the inactivity of the aneurin lacking 
the 5-8-hydroxyethyl group. 

The nature of the substitution in the 5-—-CH,— group in the active 4-amino- 
2-methylpyrimidines appears to be of less importance, since either a 5-amino- 
methyl or a 5-thioformamidomethyl group permits growth, in presence of 
4-methyl-5-8-hydroxyethylthiazole, provided that the remainder of the molecule 
is correctly substituted (i.e. 4-amino-2-methyl-). The lower potency of the 
4-amino-5-thioformamidomethyl-2-methylpyrimidine as compared with the 
corresponding 5-aminomethyl compound, does not appear to be due to the toxi- 
city of the former, since greater concentrations of it gave increasing mass of 
growth. This would not be expected if it were toxic. 

From the specificity of the pyrimidine plus thiazole pair corresponding to 
aneurin, which permits growth, it might appear that the two compounds are 
used by S. aureus to synthesize the aneurin molecule which it really requires for 
use in some metabolic mechanism. There are possible objections to this view, 
however. For instance it might be suggested, from the inactivity alone of the 
aneurin lacking the 5-8-hydroxyethyl group, which, plus 4-methyl-5-8-hydroxy- 
ethylthiazole, gives growth, that the organism detaches the 4-methylthiazole 
of the derived aneurin and then links on the 4-methyl-5-8-hydroxyethylthiazole, 
giving aneurin proper. The probability of this occurring cannot be estimated 
however. That the B-hydroxyethyl group wandered from the uncombined to the 
combined thiazole is most improbable. 

An alternative explanation is that, in whatever mechanism it is used by 
S. aureus, the aneurin molecule is broken down to its pyrimidine and thiazole 
components which are then used in the metabolic mechanism, both components 
still being necessary. Actual synthesis of aneurin from the two components by 
S. aureus has not yet been tested experimentally. 
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If synthesis of aneurin does occur, the lowered potency of 4-amino-5- 
thioformamidomethy]-2-methylpyrimidine as compared with the corresponding 
5-aminomethyl compound, might be due to the organism having greater 
difficulty in eliminating the thioformamido-group before linking with the 4- 
methyl-5-8-hydroxyethylthiazole, which takes place through the 5-—CH,— 
group. It is of interest in connexion with the possible routes of aneurin synthesis 
in nature that S. aureus should be unable to use the 5-thioformamidomethyl 
group to form part of the thiazole ring, as in the method of synthesis described 
by Todd & Bergel [1937]. But it may be able to link the correctly substituted 
pyrimidine and thiazole to form the aneurin molecule. 

The activity of thiochrome alone may be due to the ability of S. aureus to 
open and reduce the link —C—N—C— between the pyrimidine and thiazole 
rings in thiochrome, giving aneurin, although with difficulty, as suggested by the 
relatively great concentration of thiochrome needed to show activity. The 
greatly enhanced activity of thiochrome plus 4-methyl]-5-8-hydroxyethylthiazole 
suggests that the thiazole part of the thiochrome is broken off, leaving the 
pyrimidine; this is then active in the usual way. 

From the foregoing results it is clear that aneurin, or the directly related 
equivalent chemical components of the molecule, are highly specific in the 
growth of S. aureus. 

The “aneurin component” in gelatin 


Since it was found [Knight, 1937] that nicotinic acid alone permitted some 
growth of S. awreus when added to the gelatin-hydrolysate medium formerly 
used [Knight, 1935], although it did not do so on the amino-acid medium [Fildes 
et al. 1936], it follows that the gelatin medium contains small amounts of com- 
pounds which the organism can use as the “‘aneurin component”’ of the complex 
growth factor. It was observed, however, that increasing concentrations of 
nicotinic acid did not result in increasing mass of growth beyond a rather poor 
amount. This indicated that the “‘aneurin component” was present in the 
gelatin hydrolysate only in very limited quantity. This was just sufficient for 
testing the ‘“‘staphylococcus growth factor’’, as it then was, before the biological 
activity was found to be due to two necessary components. 

In using a gelatin hydrolysate medium it must therefore be recognized that 
in addition to its amino-acid content this medium contains very small but often 
decisive traces of aneurin degradation products. 


SUMMARY 


Aneurin plus nicotinic acid can completely replace the ‘staphylococcus 
growth factor’’, enabling the growth of 12 typical strains of S. aureus to take 
place in a medium of known chemical composition. 

For routine growth purposes 10-5 M nicotinic acid (or amide) and 10-7 M 
aneurin provide ample quantities of these two substances. 

Certain components of the aneurin molecule, namely the corresponding 
pyrimidine plus the corresponding thiazole, can be utilized by the organism in- 
stead of the complete molecule. 

On the contrary, certain other closely related compounds (differently sub- 
stituted pyrimidines, thiazoles and aneurins) cannot be utilized, indicating a high 
degree of specificity in the growth of S. aureus. 


I am deeply indebted to Dr A. R. Todd of the Lister Institute for generously 
supplying the synthetic compounds related to aneurin, without which this work 
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would have been impossible; to Mr E. R. Holiday for the spectrophotometric 
observations; to Prof. R. A. Peters; and to Dr P. Fildes and Dr G. P. Gladstone 
for their continued active help in carrying out the bacteriological side of the 


work. 
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In a previous paper [Bancroft e¢ al. 1935] were reported the results of a study 
made on the effect of X-rays upon the growth and metabolism of transplantable 
tumours. It was found, particularly with the Philadelphia rat sarcoma No. 1, 
that the respiratory quotient was lowered whenever there was any effect upon 
the growth of the tumour. It was not possible to determine whether this was 
due to a direct effect of the X-rays on the tissue or whether it was due to secon- 
dary changes induced by the action of the radiation. The irradiation of tissue 
slices in vitro seemed to offer a better method of studying the metabolic changes 
without the complications of such secondary effects as X-ray damage to the 
tumour bed or vascular system. With X-radiation, as with all radiation, there 
appears to be a latent period before any detectable changes in the metabolism 
occur, and with tissue slices it was possible by increasing the X-ray dose suffi- 
ciently to shorten this period and to permit the study of some of the direct 
effects of irradiation on metabolism. In this paper are presented the results 
showing both immediate and delayed effects of large doses of X-rays upon the 
carbohydrate metabolism of tissue slices. 























EXPERIMENTAL 


In general, the methods used by Elliott & Schroeder [1934] were employed. 
These consisted of measuring the oxygen uptake (Qo,), the respiratory quotient 
(R.Q.), and the acid change (Q,), of thin slices of tissue in bicarbonate medium 
in an atmosphere of 95% O, and 5% CO,, by means of the Dixon-Keilin 
apparatus [1933]. Sufficient slices were cut from a tumour to permit the im- 
mediate determination of the metabolism of one set (initial control), the irradia- 
tion of the slices for another manometer (irradiated), and the submission of a 
third set to the same manipulations but omitting the irradiation (delayed 
control). By comparison of the initial control and the delayed control, it was 
possible to detect injury to the tissue occurring in the (sometimes prolonged) 
interval before the determination of metabolism. Elliott & Schroeder [1934] 
showed that the rate of O, uptake of rabbit kidney slices fell slowly on standing. 
It was found that this fall in Qp, could be minimized if the tissues were kept in 
a sufficiently large volume of Ringer-Krebs medium containing glucose. Slices 
cut from the tumours were placed immediately in beakers containing Ringer- 
Krebs medium through which O,-CO, gas mixture was continually bubbled. 
Alternate slices were placed in each of three beakers in order that the samples 
of tissue in each beaker should be as nearly uniform as possible. The tissues for 
X-ray and for the delayed control were suspended in approximately 4 ml. of 
Ringer-Krebs medium containing glucose in tightly-stoppered Erlenmeyer flasks 
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filled with the O,-CO, mixture. After X-raying, the tissues were returned to the 
beakers. Since tumour rapidly metabolizes glucose into lactic acid, even in the 
presence of oxygen, it was necessary to replace the solutions every 2 or 2-5 hr. 
so that the acid formed would not lower the pH sufficiently to damage the 
tissues. 

The X-ray apparatus was a special water-cooled tube of the Coolidge type 
with a copper anode operating at about 85 kV. and 12 mA., using full wave 
kenetron rectification. The cathode, enclosed in a brass water-jacketed head, 
was kept at ground potential. Two copper windows, 0-005 in. thick, were 
symmetrically placed above and below the target at a distance of 3-55 cm. This 
permitted the irradiation of the tissues through the upper window and the 
simultaneous determination of the dose through the lower, by means of a 
cylindrical ionization chamber of 12-9 cc. volume which was connected through 
an Ayrton shunt to a Leeds and Northrup high sensitivity galvanometer. The 
galvanometer was calibrated daily against a dry cell of 1-54 V. connected through 
an external resistance of 50,200 ohms. For maximum accuracy it was found 
best to use the 0-0001 shunt for calibration, whereas in view of the smaller current 
generated in the ionization chamber by the X-rays, the 0-1 shunt was used for 
the actual measurement of the dose. If N is the number of cm. deflexion of the 
galvanometer on the 0-0001 shunt, 1000 N will be the deflexion on the 0-1 shunt. 


The current necessary, therefore, to cause 1 cm. deflexion of the galvanometer 
in E.S.U. per sec. with the 0-1 shunt will be given by the equation J = zr 
where £ is the E.M.F., R the resistance, K the number of £.S.U. per amp. and NV 
is the number of cm. deflexion of the galvanometer on the 0-0001 shunt. Hence, 
ee ge mee, Sh ber of r units per cm. deflexion i 
=50,300x1000N 9 —W° e number of r units pe . deflexion per min. 
‘ ‘ 1 x60 92-1x60 428 
with the 0-1 shunt is vol. of ionization chamber . Nx129 N° 


that only 58% of the rays were transmitted through the pyrex Erlenmeyer 
flasks used for irradiation of the tissues, so that the factor to be used becomes 
248/N. Thus, when N was determined to be 10-1, the tube would deliver 24-5 r 
units per cm. per min. and at a deflexion of 18 cm. would be equivalent to 
approximately 15,000 r units in 34 min. The amounts of X-rays from the two 
windows were measured separately and found to be the same, so that the 
ionization chamber actually measured the dose given to the tissues. 

Although irradiation of tumour tissue in vivo causes metabolic changes only 
after a latent period of some hours, it seemed possible that this might be a 
function of the relatively small dose given and that a massive dose might produce 
a measurable change immediately. Preliminary experiments were therefore 
made upon tissue slices suspended in Ringer phosphate solution of pH 7-5. The 
O, uptake after irradiation was determined in simple Barcroft manometers filled 
with oxygen and containing rolls of filter paper moistened with alkali to absorb 
CO,. The tissue slices, after weighing, were suspended in Ringer phosphate 
medium, oxygenated and irradiated with varying doses of X-rays. Table I 
gives the results obtained. 


Experiments showed 


Table I. Effect of X-rays upon the Oo uptake of Philadelphia No. 1 
6400 8600 11,500 15,280 17,200 


runits ... ———*~——_,_ ———"——* - J = ete A 
of X-ray Control Irrad. Control Irrad. Control Irrad. Control Irrad. Control Irrad. 


-Qo, 12-6 12-1 9-2 9-2 11-1 12-5 15-8 12-3 8-3 8-2 
-Qo, 11-4 11-4 10-8 10-5 — — 11-2 11-5 — _ 
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Even with doses as high as 17,000 r, no apparent change in the O, uptake is 
evident immediately. Crabtree [1932] was also unable to find any immediate 
change after irradiation with radium. 

It is well known that the results obtained with phosphate buffers are often 
not comparable with those obtained with bicarbonate-containing medium. In 
the above case, Ringer phosphate was used in which the phosphate concen- 
tration was nearly isotonic, and the results in the above table agree well with 
those of later experiments in which bicarbonate-containing medium was used. 
Indeed, the metabolism of tumour slices which had been X-rayed in Ringer 
phosphate solution was no different from that of slices which had been kept in 
Ringer-Krebs medium, as shown in Table II. 


Table II 


Control Trradiated 











SSS SSS SSS 

B.Q. - Qo. Qa R.Q. - Qo, Qa 
Ringer-Krebs 0-82 10-1 20-6 _ _ — 
Ringer phosphate 0-83 10-9 20-1 0-85 10-1 21-8 


For the experiments illustrated in Table II slices were taken from the same 
tumour, the metabolism of one set was determined immediately in Ringer- 
Krebs medium, and the other two sets were suspended in Ringer phosphate and 
one of the latter two sets was X-rayed with a dose of 15,000 7. At the completion 
of the X-ray treatment, the metabolism of the two sets was determined in the 
Dixon-Keilin manometers in the usual way. No difference in the metabolism 
due to the influence of Ringer phosphate could be detected. 

Crabtree & Cramer [1933] reported that tumour tissue was more sensitive 
to the action of radium radiation when the respiration was partially inhibited 
by various conditions such as cold, although Crabtree later [1936] found that 
the radiation did not directly alter the respiration rate. We found no immediate 
effect on the Qo, of the Philadelphia No. 1 sarcoma after 15,000 7, even when the 
temperature was below 5° during irradiation. All subsequent irradiation was 
carried out at room temperature. 

RESULTS 


The results obtained at varying times after the irradiation of Philadelphia 
No. 1 tumour tissue with 15,000 r units of X-ray are shown in Table ITI. 

Table III shows that there is no immediate effect of X-rays upon the meta- 
bolism which is clearly outside the experimental error, and that up to 4-5 hr. 
after X-ray there is no difference in O, uptake between the irradiated and the 
delayed control. There is, however, almost always some lowering in the O, 
uptake due to standing, and this should be distinguished from the X-ray effect. 
A definite lowering of the R.Q. which increases with time to a maximum, and 
a rise in the total acid formation (Q,), are alterations in the metabolism which 
may be ascribed to the effect of X-rays. In an experiment with 23,000 7, the 
R.Q. dropped from 0-90 to 0-78 and the Q, increased from 20-4 to 27-4, in 1 hr. 
after irradiation. This about corresponds to the effects observed after 2-5 hr. 
with 15,000 r, indicating that the latent period is considerably shortened by 
increasing the dose. It should be noted that the rise in the total acid formation 
parallels the fall in the r.Qg. In this connexion, it is interesting that Crabtree 
[1932] found no change in the aerobic glycolysis under continuous radium 
radiation. However, he determined only the total O, uptake and the total CO, 
evolution from his bicarbonate-containing medium. On the assumption that the 
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Table III. Changes in the metabolism of tumour tissue at 
varying times after irradiation 


Time hr. 
after 
X-ray R.Q. a Qo, Qa R.Q. > Qos Qs 
0 Control 0-80 11-2 15-4 0-87 12-0 19-9 
Irradiated 0-79 10-3 22-3 0-84 11-3 21-4 
1 Control 0-80 9-2 23-8 0-89 9-8 17-2 
Irradiated 0-74 9-4 23-4 0-83 9-8 19-7 
2 Control 0-91 10-5 22-0 a _— 
Irradiated 0-78 11-6 31-7 = — 
2-5 Control (0-93) (10-4) (19-3) (0-88) (12-3) (22-8) 
Control 0-92 9-7 20-5 0-81 10-3 22-6 
Irradiated 0-70 9-5 22-4 0-69 11-8 29-3 
3-5 Control (0-87) (11-2) (22-3) --—- —_ — 
Control 0-96 10-2 19-6 0-90 10-9 19-2 
Irradiated 0-75 12-9 25-6 0-69 10-6 25-8 
45 Control (0-87) (13-0) (22-2) (0-90) (9-7) (183) 
Control 0-93 10-4 20-3 0-92 9-2 20-1 
Irradiated 0-76 11-7 25-2 0-72 11-2 25-3 


The numbers in parentheses represent values for the metabolism of the initial controls. 


R.Q. remained unity throughout the experiment, he calculated that the aerobic 
glycolysis remained unchanged. We have found with X-rays that the respiratory 
CO, evolution falls to about the same extent as the amount of CO, liberated by 
acid formation rises. It is possible that a similar situation occurs with radium 
radiation and that only a method which differentiates between respiratory CO, 
and CO, liberated from bicarbonate in the medium would show the increased rate 
of acid formation. 

In Table IV are given some results obtained by the irradiation of normal rat 
kidney tissue. 


Table IV. The effect of 15,000 r radiation on the metabolism 
of rat kidney tissue 





Control Irradiated 
Time eee a ag 
hr. R.Q. Qo, Qa R.Q. Qo, Qa 
No glucose 1-5 (0-85) (21-4) _ —_ ae — 
0-86 16-6 — 0-90 16-9 — 
Glucose 2-5 (0-84) (21-4) — — _— = 
0-89 20-8 0-88 23-8 = 


The values for the initial controls are given in parentheses. 


Irradiation with 15,000 r of X-rays appears to have no measurable effect 
upon the metabolism of kidney tissue either in the presence or absence of glucose. 
In 2-5 hr., the R.Q. of tumour shows a fall of about 20%, whereas the R.Q. of 
kidney remained quite constant. The 1-5 hr. experiment, done in the absence of 
glucose, shows from the fall in the O, uptake of the delayed control that con- 
siderable damage to the tissue has occurred. This damage, however, affects only 
the O, uptake and is of a different character from that done by X-rays. It may 
be due to the death of a certain percentage of cells, whereby the O, uptake per 
unit weight is reduced, whereas X-rays alter the type of metabolism and may 
not change the total number of active cells. In the longer experiment, the tissues 
were kept in glucose-containing medium and the loss in respiring ability was 
much smaller. 
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Tumour tissue is a highly glycolysing tissue even in the presence of oxygen, 
whereas kidney is not. If the lowered R.Q. of tumour tissue after irradiation 
were due to damaged carbohydrate oxidation, it was thought possible that 
similar effects might appear in kidney tissue and be more marked in tumour 
tissue when some intermediary product of carbohydrate metabolism was added 
to the tissue. Experiments were therefore carried out using pyruvic acid for a 
substrate. The results are shown in Table V. 









Table V. Metabolism of pyruvic acid by kidney and tumour tissue 
2-5 hr. after radiation with 15,000 r 










R.Q. - Qo. Qa R.Q. - Qo, 
Kidney 1-4 31-0 — 22-5 1-2 32-9 -17:8 
Kidney 1-3 33-6 — 20-0 1:3 29-2 — 15-2 
Kidney (1-4) (33-7) ( - 23-0) _ — aoe 
1-4 32-6 — 20-4 1-3 33-5 -— 18-8 
Tumour (1-1) (15-3) (- 1-9) — — aa 
1-1 16-2 — 25 1-0 16-8 - 10 






The values for the initial controls are given in parentheses. 











The high R.Q. and the disappearance of acid groups, as shown in the table, 
indicate that some metabolism of pyruvate occurs in tumour tissue, and that 
much more occurs in kidney tissue. No effect of X-rays on this metabolism was 
observed even after 2-5 hr. 







Discussion 


The results obtained with the irradiation of Philadelphia No. 1 sarcoma 
tissue in vitro are similar to those obtained previously [Bancroft et al. 1935] in 
vivo, and indicate that the fall in R.q. is a direct effect of the radiation on the 
tissue itself rather than a secondary one due to damage to the tumour bed or 
vascular system. It appears that the X-ray effects can be clearly distinguished 
from the gradual loss of activity of surviving slices on standing, for the latter is 
characterized by a fall in the total O, uptake and the former is primarily an 
effect upon the R.Q. 

The rise in acid formation which appears consistently with irradiation of 
tumour tissue slices was not observed after irradiation in vivo. At present, no 
explanation can be given to account for this. With testis, an increased glycolysis 
has been observed after irradiation, in vitro by Frik & Posener [1926] and in vivo 
by Adler [1930]. Crabtree’s [1932] failure to observe this rise with Jensen rat 
sarcoma after irradiation with radium may be due to his assumption of a 
constant R.Q.; a lowering of the R.Q. would mask the rise in the aerobic glycolysis 
in the manometric method used by him. On the other hand, tumours differ 
widely in their responses to a given dose of X-rays and the mechanism of X-ray 
action may be very different with different tumour strains. Holmes [1933] with 
small doses of radium showed an increased breakdown of galactose by cultures 
of embryo kidney. Larger doses inhibited carbohydrate breakdown but did not 
affect protein oxidation. Crabtree [1936] has recently shown that ammonia 
formation is increased by the action of radiation both in normal and tumour 
tissues and that this increase is not solely due to damage to carbohydrate 
metabolism but is partly due to a definite stimulation of protein metabolism. 
The extent of this ammonia formation is not sufficient to mask an increased 
aerobic glycolysis, for he found a maximum of Qnu, 1-1, whereas the acid increase 
is of the order of Q, 5-0. 
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It might be thought that the lowered R.Q. was due to a partial but incomplete 
oxidation of carbohydrate resulting in the formation and accumulation of acids 
other than lactic acid. However, in one of the 3-5 hr. experiments, where the 
Q, increased after radiation from 19-6 to 25-6, the lactic acid was determined 
chemically and it was found that the Q,,, increased from 19-4 to 23-6, which 
indicates that the increased acid is nearly all lactic acid. A possible explanation 
would be that normal tumour does oxidize carbohydrate to some extent [see 
Elliott e¢ al. 1935] and that this carbohydrate oxidation is inhibited by the 
X-rays; while increased protein oxidation [Crabtree, 1936] maintains the O, 
uptake at its normal level, though with a lower R.Q. The fact that the R.Q. of 
tumour tissue is unaffected with pyruvic acid as a substrate, and that the R.Q. 
of kidney, which metabolizes pyruvic acid readily, is not affected, suggests that 
X-rays attack some process other than that of intermediate carbohydrate 
oxidation. That is to say, since pyruvic acid is oxidized in the normal manner, 
the damage to the carbohydrate oxidation must occur before this stage is reached, 
possibly, for example, in the oxidation of lactic to pyruvic acid. 


SUMMARY 


1. Following the methods of Elliott & Schroeder [1934], a study has been 
made of the immediate and delayed effects of large doses of X-rays upon carbo- 
hydrate metabolism of tumour tissue slices. 

2. X-rays produce a definite lowering in the R.Q. of Philadelphia rat sarcoma 
No. 1 in vitro, similar to that previously observed in vivo. 

3. A parallel increase in aerobic acid formation, which appears to be mostly 
lactic acid, indicates that the lowered R.Q. is not due to incomplete oxidations 
resulting in the formation and accumulation of acids other than lactic acid. 

4. Under conditions which produce a pronounced lowering of the R.Q. of 
tumour tissue, X-rays produce no measurable effect upon the metabolism of rat 
kidney slices. 

5. Since irradiated tumour and kidney slices metabolize pyruvic acid in a 
normal manner, X-rays probably act upon some process other than intermediate 
carbohydrate oxidation, possibly attacking carbohydrate oxidation before the 
pyruvic acid stage. 
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No completely satisfactory explanation has yet been offered for the mechanism 
by which respiration inhibits glycolysis (i.e. the Pasteur reaction). Lipmann 
[1933] believes that the inhibition of glycolysis in the oxygen-saturated cell is 
due to reversible oxidative inactivation of the glycolytic enzyme system. 

The very striking observation that reduced glutathione at a concentration 
of 10-* M specifically and reversibly inhibits the Pasteur reaction in the Jensen 
rat sarcoma and in rat brain was made by Bumm & Appel [1932]; their findings 
indicate that although reduced glutathione had no effect on either the respiration 
or the anaerobic glycolysis, it could increase the aerobic glycolysis to the an- 
aerobic level. The disulphide form had no effect ; the effect of the reduced form was 
reversible. They concluded from this [Bumm, 1933] that the glutathione system 
might serve in vivo as a regulator of the Pasteur-Meyerhof cycle. The significance 
of their results is far-reaching. Not only do their conclusions assign a very 
important role to glutathione, a compound which, because of its peculiar 
chemical nature and its widespread distribution in animal cells, seems to 
deserve an important place, but also they offer an explanation for the mechanism 
of the break in the Pasteur reaction which is so striking in tumour tissue. 

In the course of work on another problem, some control experiments with 
glutathione and tumour tissue were made and, in view of the data reported 
by Bumm & Appel, it was surprising to find that glutathione did not stimulate 
aerobic glycolysis. For this reason, a systematic investigation of the effect of 
glutathione on the metabolism of tumours, brain tissue and a few other tissues 
which showed large anaerobic glycolysis was undertaken. No significant increase 
in the aerobic glycolysis in the presence of glutathione was ever observed in the 
Jensen rat sarcoma or in several other transplantable rat tumours, brain, testes 
and chick embryo. 




























METHODS 


The metabolism of thin slices of tissue was studied in the presence and 
absence of glutathione in the differential manometers of Dixon & Keilin [1933], 
following the technique described by Elliott & Schroeder [1934]. In all experi- 
ments the bicarbonate medium of Krebs [1932] containing 0-24 °% glucose was 
used. Unless otherwise stated, the experimental period was 90 min. All experi- 
ments were conducted at 37°. 

The tumours used were the Philadelphia No. 1 sarcoma [Waldschmidt- 
Leitz, McDonald e¢ al. 1933], the Walker No. 256 carcinoma, the Flexner- 
Jobling sarcoma and the Jensen sarcoma. It was difficult to obtain good Jensen 
sarcoma tissue; the strain used here grows rather rapidly and quickly becomes 
soft and haemorrhagic. Quite good tissue could be obtained by subcutaneous 
inoculations in the leg. Sterile intraperitoneal implantations carried through 
several generations also gave improved quality in the intraperitoneal tumours. 
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In all cases precautions were taken to remove necrotic material and to obtain 
uniform samples of the tissue in all manometer vessels. 

A period of 1-5-2 hr. elapsed between the killing of the animal and the 
starting of the last manometer. Until used, the tissue slices were stored in 
Ringer-Krebs solution through which a slow stream of O,—CO, bubbled con- 
tinuously. (Tumour tissue was stored in Ringer-Krebs solution without glucose.) 

The glutathione was obtained from three sources: for most experiments a 
very good preparation from Hoffmann-La Roche, showing theoretical reducing 
power, was used; a few experiments were done with a sample prepared: by 
Pirie’s method in the Biochemical Laboratory in Cambridge and kindly supplied 
by Dr K. A. C. Elliott, and some with a sample purified through cadmium 
precipitation by Dr Johnson at the United States Public Health Service 
Laboratories, obtained through the courtesy of Dr Mary E. Maver. The results 
obtained with all three samples were the same. 

Glutathione solution of twelve times the required concentration was prepared 
and added to the manometer vessels immediately before placing the manometer 
in the bath. This precaution was necessary in order to shorten as much as possible 
the period of autoxidation in the Ringer-Krebs solution. 

When estimations of glutathione were to be made, 2-5 ml. of the experimental 
solution (containing approximately 0-3 or 0-6 mg. glutathione per ml.) were 
pipetted into 1-5 ml. of 20% salicylsulphonic acid. This was then diluted to 
15 ml. with distilled water and the estimation done on a 10 ml. aliquot by the 
method of Woodward & Fry [1932]. 


RESULTS AND DISCUSSION 


The results obtained with tumours are listed in Table I. Q{? and Q \? represent 
the aerobic and the anaerobic glycolyses respectively. Otherwise, the con- 
ventional terminology is used. 

In none of the experiments with tumour tissue in the presence of glutathione 
was any significant increase in the aerobic glycolysis found. The slight variations 
observed can easily be attributed to experimental error and the difficulty of 
choosing exactly reproducible slices of tumour tissue. In almost all experiments 
there is an increased O, uptake which can be accounted for by the oxidation of 
the glutathione. 

Estimations of glutathione content of the medium at the beginning and at 
the end of the experimental period were made in separate experiments with 
tumour slices treated (with gas, shaken etc.) in exactly the same way as those in 
the manometer vessels. A few typical values obtained for the Philadelphia 
No. 1 sarcoma and the Walker No. 256 carcinoma are listed in Table II. 

Using Hoffmann-La Roche glutathione at a concentration of 10-* M in the 
presence and absence of tumour tissue (Philadelphia No. 1) measurements were 
made over a period of 110 min. of the content of reduced glutathione in aliquots 
removed at various intervals. These values are plotted against time in Fig. 1. 

It is obvious that the glutathione is being rapidly oxidized in both the 
control and in the experiment containing tumour. This rapid autoxidation in 
the control can probably be accounted for by the slightly alkaline reaction of 
the Ringer-Krebs solution, since it is characteristic of glutathione that its 
autoxidation occurs with much greater speed at an alkaline reaction. In the case 
of brain the tissue seems to protect the glutathione against oxidation, an effect 
which has been observed for various tissues by other investigators. In the 
presence of tumour tissue the oxidation of glutathione occurs with slightly 





Z. BAKER 


Table I. Effect of glutathione on the metabolism 
of tumour tissue 


Age of Concentration 
Strain of tumour Source of of glutathione 
tumour days glutathione M 

Philadelphia No. 1 — H. R.*f 0 — 
sarcoma 10-3 — 
H. R.t 0 . +22-9 

10-3 D2 +196 

Cambridget 0 . +22-7 

10-3 +241 

H. R. 0 . +20°3 

2x 10-3 I + 18-2 
U.8.P: Ht 0 +26-6 

2x 10-3 +24-9 

Walker No. 256 f Cambridget 0 + 22-6 
carcinoma 10-8 + 24-2 
H. R. 0 +245 

10-% 26-0 
H. R. 0 +19-9 

10-8 20-0 

H.R. 0 +30-4 

2x 10-3 +259 

U. 8. P. H. 0 +25-2 

10-3 +24-4 

U.S. PE. 0 +25-4 

2x 10-3 +27-0 

+17:1 
+15-7 
H. R. 0 +12-2 
10-3 +151 
H. R. 0 13-6 +13-6 
2x10-* 13-1 +11-4 
0 10-8 +13-3 

2x 10-3 13-8 +13-4 
Flexner-Jobling 2 H. R. 0 9-0 +24-1 
carcinoma 10-3 10-7 +23-5 
H. R. 0 7-6 +24-6 

10-3 9-9 +245 


_ 
_ 
wo 


=P SOSH OY OH OH 
Toa ww ouww ou oan 


Jensen sarcoma 2 H. R. 0 
10-3 


2 bo 


ft eet ft 
Orbs 
mo bow 


U:80P.H. 


* Hoffmann-La Roche. + 60-min. experimental period. 
t United States Public Health Service. 


Table II. Disappearance of reduced glutathione 
in presence of tumour 


Reduced glutathione 


Dry wt. 
Initial Final of tissue 
mg./ml. mg./ml. 


Control 0-31 0-09 
Walker No. 256 0-31 0-04 
Control : 0-32 0-07 
Philadelphia No. 1 0-32 0-08 
Walker No. 256 0-32 0-04 
Walker No. 256 0-32 0-02 
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greater speed than in the contro]. In spite of this rapid disappearance of reduced 
glutathione from the medium, it seems quite evident from the curve that enough 
was present over most of the experimental period to produce increased glycolysis 
if this effect were to occur. It might be of interest to point out that when the 
weights and the R.Q. of tissue in the control and experimental manometers are 


0-350 


Glutathione mg./ml. 


P , 
0 10 20 30 4 50 60 70 80 9 100 110 120 
Minutes 


Fig. 1. A, control; B, plus brain; C, plus tumour. 


approximately the same, any increase in glycolysis during any part of the 
experimental period can be detected from the slopes of the curves obtained by 
taking readings on the Dixon-Keilin manometers during the course of the 
experiment. No such increase was observed even during the first half-hour 
when the concentration of reduced glutathione was highest. Doubling the con- 
centration of glutathione, thus making the concentration of reduced glutathione 
greater throughout the entire experimental period also had no effect. Therefore 
the lack of stimulation cannot be attributed to a too low concentration of 
glutathione. 

With brain tissue small increases in aerobic glycolysis were observed in the 
presence of glutathione (Table III). Compared with the normal aerobic glycolysis 
this increase is large, but considering the magnitude of the anaerobic glycolysis 
it is questionable how significant this increase really is. It must be emphasized 
here that brain differs from tumour in that glutathione does not increase the 
Qo, value. This can readily be explained by the fact that in the presence of brain 
there is only a very slight autoxidation of glutathione. Either the normal 
oxidation is inhibited or the oxidized glutathione is again reduced by the brain 
tissue. The results obtained by estimating initial and final glutathione contents 
with and without brain tissue are shown in Table IV. The inhibition of the normal 
autoxidation is evident from the curve in Fig. 1. 

In a few cases where increased glycolysis was observed manometrically, 
lactic acid estimations were made by the method of Friedemann & Graeser 
[1933] on an aliquot of the contents of the manometer vessel, quantitatively 
washed out, as described by Elliott & Schroeder [1934]. There is fairly good 
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Table III. Effect of glutathione on the metabolism of brain tissue 


Concentration 
Source of of glutathione ; 
glutathione M Qos Qi* 
H. R. 0 15-0 = 
io 15-3 _— 
H. R. 0 14-2 2-6 +15-5 
10-3 14:8 = 
.R. 0 — P +19-4 
2x10-% — — 
.R. 0 9-5 +11-6 
2x 10-3 10-4 +12-1 
0 14-6 +15-0 
10-% 14-4 == 
0 14-2 : +15- 
19° 13-8 
0 14-6 +1. + 
10-3 14-1 
0 10-3 +23: 
10-3 10-5 


* Rabbit brain. 


Table IV. Disappearance of reduced glutathione in presence of brain 


Reduced glutathione 
aX Dry wt. 
Initial Final of tissue 
mg./ml. mg./ml. 
Control 0-341 0-117 
Rat brain 0-341 0-250 
0-341 0-272 
a 0-341 0-246 
Control +32 0-074 
Rat brain “32 0-222 
0-223 
= 0-253 
Control + 32E 0-089 — 
Rabbit brain +32! 0-218 14-9 


ed 


” 


Table V. Lactic acid production in brain 


02 N2 
Qs Q, 


Determined Determined 


sp A 
Manometrically Chemically | Manometrically Chemically 
Control +1-7 +2-2 +13-0 +140 
+10-*M glutathione +53 +6-4 — -- 
Control +25 +3-0 +15-5 +16-0 
+10-°M glutathione* +43 +45 — - 
+10-°M glutathioney +5:3 +40 — — 


* United States Public Health Service. + Hoffmann-La Roche. 


agreement between the values for glycolysis found manometrically and analy- 
tically as may be seen from Table V. 

A few experiments have been done with testis and chick embryo. No effect 
of glutathione on the glycolyses of these tissues has been observed. The data 
obtained are listed in Table VI. 
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Table VI. Effect of glutathione* on the metabolism of testis 
and chick embryo 


Concentration 
of glutathione 
M 


Tissue Qos ~ Qx? 
Testis 0 12-0 +8-1 + 80 
10-3 9-3 +7-0 +108 
0 12-0 +8-5 +135 
2x10-* 11-4 +9-0 = 
Chick embryot 0 14-9 +5-1 +23-0 
10-3 17-5 +6-7 — 
0 13-3 +6-7 +23-2 
2x10-% 16-2 +56 — 


* Hoffmann-La Roche. + 4-day-old whole chick embryos. 


Chick embryo also inhibits the autoxidation of glutathione, although to a 
less extent than brain. 

The experiments of Bumm & Appel were done entirely on the Jensen rat 
sarcoma and brain. If the results they obtained were real and if the function 
they assigned to glutathione be real, then glutathione should increase the 
aerobic glycolysis of all tumours. We could not reproduce their results either 
with the Jensen tumour or with any of the other tumours investigated. It was 
thought possible that perhaps the difference between the results reported here 
and those of Bumm & Appel might be due to a profound difference in tumour 
strain. However, the fact that we could not reproduce their results with brain 
tissue suggested that there must be some other reason for the disagreement. 

We have repeated experiments reported by Dickens [1934] who obtained 
an inhibition of the Pasteur reaction in the Jensen rat sarcoma by pre-treatment 
of the slices with phenylhydrazine. The procedures recommended by Dickens 
for these experiments were carefully observed, the phenylhydrazine hydro- 
chloride being recrystallized three times from alcohol, dissolved in glucose- 
containing Ringer-Krebs solution and neutralized with sodium bicarbonate- 
saturated Ringer-Krebs solution just before using. Carefully selected slices of 
tumour from which all necrotic and haemorrhagic portions had been cut away 
were chosen for treatment with phenylhydrazine. The concentration varied 
from 2-5 x 10-* to 5-0 x 10-3 M and the period of pre-treatment was either 15 or 


Table VII. Effect of pre-treatment with phenylhydrazine on tumour metabolism 


Time of 
Concentration of _ pretreat- 
phenyihydrazine ment 5 
Tumour M min. Qos Q*? 
Philadelphia No. 1 0 15 +39-0 
25 x10-3 15 +32-2 
0 15 +39-5 
3°75 x 10-3 15 — 
Walker No. 256 0 20 + 33-5 
25 x10-° 20 
0 20 
50 x10 20 
Jensen rat sarcoma 0 20 
25 x10-3 20 
0 20 
3°75 x 10-8 20 


_ 
eS 
“10 


ow coe 


+40-7 


+33-9 


+ 33-1 


— et _ 
WSS WS ae ae 


Oem ow oH 
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20 min. After exposure to the phenylhydrazine solution, the tissue was very 
thoroughly washed, then placed in the manometer vessels and the experiments 
conducted as usual. The results obtained are shown in Table VII. 

Although not many experiments have been done with phenylhydrazine, 
enough are shown here to illustrate the fact that there is definitely a difference 
between tumours of different types in their response to the action of this 
foreign substance. With the Philadelphia No. 1 and Walker 256 tumours large 
increases in aerobic glycolysis occurred only when respiration was strongly 
inhibited. Using the Jensen sarcoma, qualitatively the same type of result could 
be obtained as that reported by Dickens. Usually, however, an inhibition of 
respiration accompanied this increase in glycolysis. No such confirmation of the 
effect reported by Bumm & Appel has been observed with the Jensen sarcoma. 

Bumm & Appel have indicated in their paper that they believe their results 
are particularly pertinent because tumour tissue is characterized by an unusually 
high content of glutathione, and that this probably accounts for the great 
aerobic glycolysis which normally occurs in tumour tissue. This suggestion is, 
however, not convineing in view of the considerable disagreement on the 
question of the glutathione content of tumour tissue [Voegtlin & Thompson, 
1926; Yaoi & Nakahara, 1926; Holmes, 1926; Bierich ef al. 1927; Kennaway & 
Hieger, 1927; Lecloux et al. 1927; Heinlein, 1932; Woodward, 1935]. 


SUMMARY 


Glutathione has no significant effect on the aerobic glycolyses of tumour, 
brain, testes and embryo, as measured in the Dixon-Keilin manometers. The 
results obtained in these experiments do not indicate that glutathione parti- 
cipitates in the Pasteur reaction. 

The specific effect of phenylhydrazine on the Pasteur reaction observed by 
Dickens in Jensen sarcoma was not found in other tumours. The increased aerobic 
glycolysis usually was paralleled by inhibited respiration. 


It is a pleasure to thank Dr E. F. Schroeder for his interest shown in this 
investigation. 
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Ratstrick & SmitTH [1935] have shown that two strains of the group species 
Aspergillus terreus Thom, when grown at 24° on Czapek-Dox solution containing 
glucose as the sole source of carbon, give rise to a hitherto undescribed mould 
metabolic product—terrein. It is the purpose of the present communication to 
describe the investigation of the molecular constitution of this substance. 

Terrein, C,H,,0;, is a colourless, crystalline, dextrorotatory, neutral sub- 
stance having powerful reducing properties. The condition of the 3 oxygen atoms 
present in the molecule of terrein is indicated as follows. (a) One is present as a 
hydroxyl group since terrein readily gives a mono-p-bromobenzoate. (b) One is 
present as a ketone group since terrein readily gives a mono-2:4-dinitrophenyl- 
hydrazone, and the keto-group can be quantitatively titrated with hydroxylamine 
hydrochloride by Schultes’s method [1934]. The presence of an aldehyde group 
is excluded since terrein does not give a positive Schiff or Angeli- Rimini reaction. 
(c) The CO— and CHOH— groups are probably adjacent in a —CO.CHOH— 
grouping since terrein instantly reduces Fehling’s solution in the cold and 
slowly gives a bisdinitrophenylhydrazone on treatment with 2:4-dinitrophenyl- 
hydrazine. In this reaction 2 atoms of hydrogen are lost suggesting the con- 
version of a —CO.CHOH— into a —CO.CO— grouping, as is the case with 
acetoin [Clutterbuck et al. 1935]. (d) In a Zerewitinoff estimation terrein gave in 
pyridine 1-39 mol. CH, at 19° and 2-06 mol. at 28°, suggesting the presence of 
one OH and one enolizing CO group. (e) No direct evidence has been obtained 
of the condition of the third oxygen atom. 

These considerations, together with the following groups of facts A, B, C, D 
and E, have led to the present conception of the molecular constitution of terrein. 

A. Terrein, on catalytic reduction with palladium-charcoal-hydrogen very 
quickly absorbs 2 mol. of hydrogen to give a crystalline product, tetrahydro- 
terrein, C,H,,0, (structure III), which is strongly laevorotatory and instantly 
reduces Fehling’s solution in the cold. It gives a monodinitrobenzoate and a 
bisdinitrophenylhydrazone. The —CO.CHOH— grouping in terrein is therefore 
probably intact in tetrahydroterrein. Tetrahydroterrein, on oxidation with 
HIO, by the Malaprade [1928] method, absorbs 2 atoms of oxygen and yields 
1 mol. of formic acid and 1 mol. of a monobasic acid C,H,,0, according to the 
equation 

C,H,,0,+ O0,=H.COOH + C,H,,0,. 
Biochem. 1937 Xxx1 ( 987 ) 
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The monobasic acid C,H,,0, gives a monodinitrophenylhydrazone soluble in 
NaHCO, and an ethyl ester monodinitrophenylhydrazone insoluble in NaHCO,. 
It is almost certainly, therefore, an aldehydo-acid and on oxidation with alkaline 
iodine it gives rise to d-n-propylsuccinic acid C,H,,0, (V1). The acid C,H,,0, 
must therefore have either structure I or II, and tetrahydroterrein, using the 
analogies worked out in an earlier paper [Clutterbuck & Reuter, 1935], must have 
either structure V (arising from I) or III (arising from II). 

B. That tetrahydroterrein has structure IIT and not structure V follows from 
a study of its reactions. Its most characteristic property is the ease with which 
it loses a molecule of water. Thus on boiling it with NV H,SO, there is formed an 
a-diketone C,H,,0, which has been shown by synthesis to be 4-propyl-2-keto- 
cyclopentanone (XI). This compound gives a bisdinitrophenylhydrazone and a 
monodinitrobenzoate identical with the products arising directly from tetra- 
hydroterrein on treatment with the same reagents. It is, however, optically in- 
active, titrates as a monobasic acid, gives an intense violet FeCl, colour and does 
not reduce Fehling’s solution except on heating, whereas tetrahydroterrein is a 
laevorotatory, neutral substance, giving no colour with FeCl,, but reducing 
Fehling’s solution instantly in the cold. On catalytic reduction with Pd-C-H,, 
the diketone C,H,,0, (XI) very quickly absorbs 2 atoms of hydrogen (as does 
diacetyl) to give an oil, C,H,,0, (XIII), which is no longer acidic, no longer gives 
a FeCl, colour, but reduces Fehling’s solution instantly in the cold. With 
2:4-dinitrophenylhydrazine it gives at first a monodinitrophenylhydrazone, 
followed slowly by the production of a bis-derivative (in which 2 atoms of 
hydrogen are lost) which is identical with that from the unreduced diketone 
C,H,,0, (XI). These facts are readily explained by supposing that the «-diketone 
grouping, in its enolized form (XII), is converted by reduction into the strongly 
reducing «-hydroxyketone grouping 

—CO—C(OH)=CH— — —CO-CHOH-CH,—. 


Accepting structure (XI) as shown by synthesis for the diketone C,H,,0,, 
then tetrahydroterrein must be represented by structure (III). This conclusion 
is supported by the fact that it offers a logical explanation for the observation 
that laevorotatory tetrahydroterrein, on loss of H,O by heating with dilute 
H,SO,, gives an optically inactive diketone (XI), since structure (III), on loss of 
H,0, leads to a molecule which is symmetrical about the 4-C atom to which the 
propyl group is attached, whereas structure (V) leads to an unsymmetrical 
molecule. Hence tetrahydroterrein must be formulated as 4-propyl-2:3- 
dihydroxycyclopentanone (III), the acidic diketone C,H,,0, as 4-propyl-2-keto- 
cyclopentanone (XI) in equilibrium with its enolic form (XII), which on reduc- 
tion gives the hydroxyketone C,H,,0,, i.e. 4-propyl-2-hydroxycyclopentanone 
(XIII). 

The fact that tetrahydroterrein (III) and the diketone (XI) give the same 
monodinitrobenzoate and bisdinitrophenylhydrazone is then readily explained 
by assuming that during the formation of these derivatives the elements of H,O 
are removed from (III) in the same way as occurs on warming (III) with dilute 
H,SO,. The behaviour of tetrahydroterrein on boiling with N H,SO, closely 
resembles that of 3-methyl-2:3-dihydroxycyclohexanone [Harries, 1902] which 
similarly loses H,O under the same conditions to give 3-methyl-2-ketocyclo- 
hexanone. This compound, like the diketone C,H,,0, (XI), behaves on titration 
as an acidic diketone and gives an intense violet FeCl, colour. 

The oxidation of tetrahydroterrein (III) with HIO,, to give an aldehydo-acid 
C,H,,0, (II), which on treatment with alkaline iodine gives d-n-propylsuccinic 
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acid (VI), is then explained by postulating the intermediate formation of the 
dialdehyde (IV), leading to the formation of formic acid and the aldehydo-acid 
(II), which with alkaline iodine gives (VI). Analogies for the reaction with HIO, 
have already been published [Clutterbuck & Reuter, 1935], and the oxidative 
opening of such reduced ring systems by HIO, has recently been used by 
Fischer & Dangschat [1934] in the conversion of quinic acid into citric acid. 

C. Tetrahydroterrein (III) on distillation at atmospheric pressure loses 
1 H,0 to give rise to at least two products, one of which, formed only to a small 
extent, is 4-propyl-2-ketocyclopentanone (X1), this reaction being identical with 
that on boiling with N H,SO,. The second and chief reaction results in the 
formation of 4-propyl-3-ketocyclopentanone (VII). As a result of the presence 
of this compound (VII) distilled tetrahydroterrein is optically active. Distilled 
tetrahydroterrein with Pd-C-H, readily absorbs 2 atoms of hydrogen giving an 
oil which is no longer acidic and does not give a FeCl, colour. This oil, and also 
the oil obtained by protracted reduction of tetrahydroterrein itself, deposits on 
standing crystals of 4-propyl-3-hydroxycyclopentanone C,H,,0, (X), which on 
oxidation with KMnO, gives d-n-propylsuccinic acid (VI), and with HNO, a 
lactonic acid C,H,,0,, which is probably the y-lactone of «-hydroxy-f-n- 
propylglutaric acid (IX), since on oxidation with Kiliani’s mixture it gives 
d-n-propylsuccinic acid (V1). 

D. Since tetrahydroterrein (III) arises from terrein by the addition of 4 
atoms of hydrogen, it now remains to determine the positions of attachment of 
these 4 hydrogen atoms. The positions of two of them may be inferred from the 
fact that on treatment with ozone terrein forms an ozonide which on warming is 
decomposed with the liberation of acetaldehyde. It appears certain, therefore, 
that the propyl side-chain of tetrahydroterrein is present in terrein as a pro- 
penyl group CH,.CH=CH—, and that the constitution of the intermediate and 
at present unisolated dihydroterrein is represented by structure (VIII). 

E. The removal of 2 hydrogen atoms from structure (VIII) to give aformula 
explaining all the facts known about terrein presents some difficulties. Eight 
possible ways of effecting the removal are shown in the chart. Thus 2 hydrogen 
atoms may be removed in such a way that three substances each having two 
double bonds are formed, i.e. (XIV), (XV), (XVI); or a CO group may arise 
from a CHOH group giving the two ketonic structures (XVII) and (XVIII); or 
the hydrogens may be removed in such a way that oxygen-bridged structures 
would arise, ie. (XIX), (XXIII), (X XVII). 

In their reactions with HIO, tetrahydroterrein and terrein each absorb 
2 atoms of oxygen and give formic acid, but whereas tetrahydroterrein gives the 
optically active half aldehyde of d-n-propylsuccinic acid (II), terrein gives the 
optically inactive half aldehyde of propenylfumaric acid which is represented in 
the lactonized form in (XXV) and which on reduction with Pd-C-H, rapidly 
absorbs 2H, and slowly a third mol. of hydrogen with loss of an oxygen atom 
and gives 8-propylbutyrolactone (X XVI). This substance was synthesized for 
comparison. 

The production of propenylfumaric acid half aldehyde (X XV) from terrein 
by HIO,, with the absorption of 2 atoms of O, rules out formulae (XIV), (XVI), 
(XVII) and (XVIII). Thus (XIV) would give propadienesuccinic acid half alde- 
hyde and H.COOH; (XVI) and XVII) would each give propenylsuccinic acid and 
H.COOH and (XVIII) would give propenylsuccinic acid half aldehyde and CO,. 
Of the oxygen-bridged structures, since a CO.CHOH group is regarded as an 
essential part of the structure, (XIX) and (X XVII) are improbable and moreover 
the oxygen bridge would require to open before a reaction could occur at all. 
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We are left therefore with formulae (XV) and (XXIII) as the most probable 
structures for terrein. 

If formula (XV) is accepted, it must be assumed that on reduction of terrein 
to tetrahydroterrein the optically active CHOH groups so direct reduction that 
a new asymmetric centre arises at the carbon atom in position 4, the product 
then giving optically active propylsuccinic acid on oxidation. It must be 
assumed also that, since tetrahydroterrein so readily loses water to give the 
acidic diketone (XI) whereas terrein does not, the presence of the double bond 
in the ring stabilizes in some way the CO.CHOH.CHOH group so that it no 
longer loses water. This appears somewhat unlikely. It would also be necessary 
to explain the fact that terrein gives only a mono-p-bromobenzoate. Moreover, 
formula (XV), owing to the conjugation of the double bonds, might be expected 
to give a compound with maleic anhydride, but no such compound is formed even 
when terrein is melted with maleic anhydride. 

If formula (XXIII) is accepted we must assume the following changes in 
order to explain the production by HIO, of the half aldehyde of propenylfumaric 
acid. First HIO, attacks the CO.CHOH group in the usual way, opening the 
cyclopentane ring and giving the aldehydo-acid (XXIV). Next the oxygen 
bridge opens creating a new CHOH.CHO group (XX1), which in the usual way 
loses H.COOH giving the aldehydo-acid (XXII) which lactonizes. Finally the 
tertiary hydrogen atom at carbon 4 together with the hydroxyl group at 
carbon 5 are lost as H,O giving (XXV). Accepting this series of reactions as 
likely, the most probable structure of terrein becomes (X XIII). 


EXPERIMENTAL 
General properties of terrein 


The terrein used throughout this work was prepared as described by Raistrick 
& Smith [1935]. Terrein, C,H,,0;, m.P. 127°, [a], + 185° (1% solution in water) 
is a colourless neutral substance, having powerful reducing properties. Thus it 
decolorizes alkaline phenolphthalein, reduces Fehling’s solution and ammoniacal 
AgNO, instantly in the cold and cupric acetate on boiling. It is not, however, 
as powerfully reducing, e.g. as ascorbic acid, since it reacts only very slowly with 
2:6-dichlorophenolindophenol and cannot be titrated either with this reagent or 
with acid iodine. An aqueous solution of terrein on adding V/10 NaOH (but 
not 2N Na,CO,) gives a bright yellow colour which is discharged on immediate 
acidification. On standing in alkaline solution for a longer time, a brown colour 
is obtained which is no longer discharged with acid. Terrein gives no colour with 
NaNO,, does not give a positive Schiff test and any colour developed on using 
the Angeli-Rimini technique is masked by the brown-yellow colour obtained 
with terrein in alkaline solution. It does not lose CO, on boiling for 5 hr. with 
2N H,SO, and has not therefore a tetronic acid structure. Terrein on melting 
with maleic anhydride using the method of Morrell & Samuels [1932], did not 
form a condensation product and was recovered unchanged. 

Terrein reacts in the cold with phenylhydrazine in acetic acid. On dilution 
with water an oil separates which rapidly solidifies, but the product could not 
be recrystallized. No immediate reaction takes place when terrein is treated 
with ethereal diazomethane, but on standing a slow reaction occurs with the 
formation of a black tar. Terrein, both in glacial acetic acid and chloroform 
solution absorbs bromine, but crystalline bromo-derivatives were not obtained. 

In a Zerewitinoff estimation (Roth) it gave in anisole at 28° 1-60, 1-67 mol. 
CH,; at 95°, 1-85, 1-84 mol.; in pyridine at 19°, 1-39 and at 28°, 2-06 mol. These 
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results are best explained in terms of the presence of 1 OH and 1 enolizing CO 
group. 

Titration of terrein with hydroxylamine hydrochloride. The method followed 
was that of Schultes [1934]. Terrein (0-1052 g.) was added to a 20% aqueous 
solution (5 ml.) of hydroxylamine hydrochloride. The solution was titrated 
from time to time using bromophenol blue as indicator and the same amount of 
reagent was titrated alongside as a blank. After 6 hr. 6-6 ml. N/10 alkali were 
required (1 CO group requires 6-83 ml.). 0-1290 g. terrein after 24 hr. required 
8-25 ml. V/10 NaOH (1 CO group requires 8-38 ml.) thus indicating that no 
further reaction occurred on standing. One CO group is therefore free to form 
an oxime. 

Terrein mono-p-bromobenzoate. Terrein (0-25 g.), pyridine (5 ml.) and p- 
bromobenzoy] chloride (0-80 g.) were heated for 20 min. on a boiling water-bath 
and kept for 24 hr. at room temperature. The solution darkened on standing. 
The pyridine was evaporated in vacuo and the residue treated with NaHCO, 
solution when it gradually solidified. The washed and dried product weighed 
0-49 g. (calc. for monobenzoate, 0-55 g.). The crude benzoate was ground with 
ether in which the pigmented material remained undissolved. The benzoate 
separated from ether in colourless needles, M.P. 145-146°. (Found (Schoeller): C, 
53-15; H, 3-78; Br, 23-51%. C,;H,,0,Br requires C, 53-42; H, 3-89; Br, 23-71%.) 

Terrein mono- and di-2:4-dinitrophenylhydrazones. On adding an excess of 
Brady’s reagent (2:4-dinitrophenylhydrazine in 2N HCl) to an aqueous solution 
of terrein (1 g.), a bright red precipitate is quickly formed, wt. after 1 day 2-30 g., 
after 1 week 2-90 g., after 5 weeks 3-62 g. (theory for mono-derivative 2-16 g., 
for di-, 3-34 g.). 

Mono-2:4-dinitrophenylhydrazone. The precipitate obtained after 1 day, con- 
sisting chiefly of the mono-derivative, was filtered, washed and dried. The crude 
material was crystallized from alcohol by cooling to — 20°, and after purification 
by this method it readily crystallized from ethyl acetate or methyl alcohol in 
dark red plates, m.p. 211°. It can also be readily prepared by using Brady’s 
more recent technique [1931]. Thus on mixing terrein (0-5 g.) in alcohol (4 ml.) 
with a solution containing 2:4-dinitrophenylhydrazine (1 g.), concentrated 
H,SO, (2 ml.) and alcohol (15 ml.) a crystalline precipitate of the mono-derivative 
separated at once. It gives with alcoholic NaOH the red colour characteristic of 
a mono-derivative (Neuberg’s reaction). (Found (Schoeller) after drying in 
vacuo at 110°: C, 50-32; H, 4-42; N, 16-86%. C,,H,,0O,N, requires C, 50-29; 
H, 4-22; N, 16-77%.) 

Bis-2:4-dinitrophenylhydrazone. The precipitate obtained after 5 weeks con- 
sists of a complex mixture of the bis-compound and a black tar. It was crystal- 
lized first from dioxan-alcohol-water, then from pyridine-acetic acid-water and 
finally from dioxan-acetic acid in dark reddish brown plates, M.P. above 360°. 
It gives the blue-violet Neuberg’s reaction characteristic of a bis-derivative. 
(Found (Schoeller): N, 20-84%. CH,,0,N;, H,O requires N, 21-13%.) It is 
probably the monohydrate of the bisdinitrophenylhydrazone of terrein after loss 
of H, by the conversion of a —CHOH— group into —CO— before condensation. 


Catalytic reduction of terrein 
T etrahydroterrein (4-propy]-2:3-dihydroxycyclopentanone, III). When hydro- 
genated in aqueous solution using a Pd-norite catalyst, terrein rapidly absorbed 
2H, (in 5 min.) and then gradually absorbed a third mol. in about 3 hr., the 
reaction then appearing complete. Terrein (4 g.) in water (100 ml.) was reduced 
in presence of a catalyst prepared from PdCl, (0-2 g.) and charcoal (1 g.). As soon 
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as 2H, had been absorbed the reaction was stopped, the hydrogen replaced by 
CO,, the catalyst filtered off and the aqueous solution continuously extracted 
with ether for 3 hr. The ethereal extract was dried over anhydrous MgSO, and 
concentrated to 25 ml. On cooling to —20° and scratching with a glass rod, or 
on nucleating, tetrahydroterrein separated in glistening colourless plates, wt. 
25g. From the mother-liquor, further small crops of crystals were obtained, 
but these were largely contaminated with an oil which drained on porous pot. 
The oil was then recovered by extraction of the pot with ether but was never 
obtained crystalline. The crystals were practically pure and were recrystallized 
from ether-light petroleum (B.P. 40-50°), m.p. 84°, unchanged after resetting. 
[a]!S., —280° (c=0-379 in water), not materially altered on standing for 24 hr. 
(Found (Schoeller): C, 60-76, 60-84; H, 8-75, 8-78 %. C,H,,0, requires C, 60-72; 
H, 8-92 %.) 

In a Zerewitinoff estimation (Roth) it gave 2-36 mol. of CH, in anisole and 
2-40 mol. in pyridine in each case at 18°. 

Tetrahydroterrein is very soluble in water and in most organic solvents, but 
is insoluble in light petroleum. It reduces Fehling’s solution instantly in the 
cold, gives a yellow colour in alkaline solution and a very faint yellow FeCl, 
colour. After keeping for several months, it slowly loses H,O, giving a yellow 
oil which gives an intense red-violet FeCl, colour. This yellow oil may be readily 
prepared by dehydration of tetrahydroterrein with H,SO,. 

Reaction between tetrahydroterrein and 2:4-dinitrophenylhydrazine. Tetra- 
hydroterrein (0-038 g.) in water (5 ml.) was treated with an excess of Brady’s 
reagent. A precipitate was formed which, on standing 48 hr., weighed 0-130 g. 
(theory, assuming the reaction C,H,,0, — C.,>H,.0,N,=0-120 g.). The material 
was recrystallized from a small volume of pyridine in red needles, m.P. 241°. 
(Found (Schoeller) : C, 47-94, 48-10; H, 4-01, 4-19; N, 22-42, 22-45%. C,H» ON, 
requires C, 47-98; H, 4-03; N, 22-39% .) 

The compound was almost insoluble in alcohol and gave the violet Neuberg’s 
reaction typical of a bisdinitrophenylhydrazone. Analysis shows, however, 
that it is the bisdinitrophenylhydrazone of tetrahydroterrein after loss of 
1H,0. It is later shown that this derivative is identical with the corresponding 
bis-derivative of the acidic diketone, 4-propyl-2-ketocyclopentanone (XI), 
obtained by dehydration of tetrahydroterrein on warming with N H,SO, and 
also by synthesis. It appears therefore that loss of 1 H,O has also occurred in 
the same way during the formation of this bisdinitrophenylhydrazone. 

Reaction between tetrahydroterrein and 3:5-dinitrobenzoyl chloride. Tetra- 
hydroterrein (0-15 g.) was kept at room temperature with 3:5-dinitrobenzoyl 
chloride (0-75 g.) in pyridine (3 ml.). A crystalline benzoate separated which, 
after repeated crystallization from alcohol, formed long colourless needles, 
M.P. 116°. (Found (Schoeller): C, 53-87, 53-89; H, 4:27, 4:33; N, 8-71, 869%. 
C,;H,,0,N, requires C, 53-89; H, 4-22; N, 8-38%.) It is therefore the mono- 
benzoate of C,H,,0,. Hence in the formation of this derivative as in the forma- 
tion of the bisdinitrophenylhydrazone, 1 H,O has been lost. It is shown later 
that this dinitrobenzoate is identical with that of the acidic diketone, 4-propyl- 
2-ketocyclopentanone (XI), obtained by dehydration of tetrahydroterrein by 
heating with N H,SO, and by synthesis. 

Dehydration of tetrahydroterrein with N H2SO, to give an acidic diketone 
CsH 202 (XI) shown to be 4-propyl-2-ketocyclopentanone. Tetrahydroterrein 
(1 g.) was boiled for 2 hr. under reflux with NV H,SO, (10 ml.). Very soon after 
boiling commenced, a pale yellow oil separated from solution. After cooling, 
the product was extracted with ether, the ethereal solution dried over anhydrous 
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MgSO,, and after removal of ether a pale yellow mobile oil remained. An attempt 
was made to dry this oil to constant weight over P,O; in vacuo, but as it proved 
markedly volatile even at room temperature, complete drying was not achieved. 
(Found (Weiler): C, 66-36; H, 8-86%. C,H,.O0, requires C, 68-53; H, 8-63%, 
whilst C,H,,0, requires C, 60-72; H, 8-92 °%.) Examination of these analytical 
data shows that the reaction has involved a loss of 1 H,O although the product 
was not completely dried. 

The oil was soluble in alkali, giving a pale yellow colour. 0-0581 g. in 9 ml. 
alcohol required 3-85 ml. N/10 NaOH for neutralization to phenolphthalein 
corresponding to an equivalent of 151 (C,H,,0, titrating as a monobasic acid 
requires 140). Rotation in alcohol, nil. 

The oil gave a very intense red-violet FeCl, colour, did not reduce Fehling’s 
solution in the cold and with Brady’s reagent gave immediately a thick red 
precipitate, which after drying melted at 197°. The product was boiled with a 
little alcohol and the insoluble portion, after recrystallization from nitrobenzene, 
melted at 241° alone or mixed with the bisdinitrophenylhydrazone from tetra- 
hydroterrein (p. 993) or from the synthetic product. (Found (Weiler): N, 21-92 %. 
CypH ON, requires N, 22-39% .) The compound is insoluble in alcohol and gives 
the violet colour with alecohol-NaOH typical of a bisdinitrophenylhydrazone. 

Synthesis of 4-propyl-2-ketocyclopentanone (XI). B-n-Propylglutaric acid, 
M.P. 52°, was first prepared by the method of Day & Thorpe [1920] by con- 
densation of n-butaldehyde with cyanoacetamide followed by hydrolysis of the 
resulting ««’-dicyano-B-n-propylglutaramide with boiling dilute HCl. B-n- 
Propylglutaric acid was esterified and condensed with ethyl oxalate in presence 
of sodium ethoxide using the method of Dickens et al. [1922]. Sodium ethoxide 
(1 g.), prepared in the usual way and heated for 2 hr. in partial vacuum at 200° in 
an atmosphere of hydrogen, was added to ethyl oxalate (2-2 g.). After a few min., 
dry ether (10 ml.) and ethyl B-n-propylglutarate (3-4 g.) were added, the latter 
being washed in with dry ether (10 ml.). The mixture was boiled for 24 hr. The 
brown ethereal solution was cooled in ice, ice-cold 2N H,SO, (10 ml.) was slowly 
added with shaking and the ethereal layer removed, dried over MgSO, and 


evaporated. The residual oil gave a red FeCl, colour. 
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The ester was hydrolysed and decarboxylated, using the method of Baeyer 
[1894] as employed by Dieckmann [1897], by boiling under reflux for 2 hr. with 
a solution (30 ml.) obtained by mixing conc. H,SO, (45 ml.) and water (150 ml.). 
The diketone was extracted with ether, the ethereal extract dried, the ether 
removed and the material fractionated in vacuo. Only a small yield of the 
diketone resulted and it was present for the most part in the fraction B.P. 135° 
at 15 mm. It was acid to litmus and gave a red FeCl, colour. On emulsifying in 
water, adding Brady’s reagent and keeping overnight, the bisdinitrophenyl- 
hydrazone of 4-propyl-2-ketocyclopentanone resulted. After recrystallizing 
from a large volume of benzene it melted at 241°, not depressed by mixing with 
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the bisdinitrophenylhydrazone prepared directly from tetrahydroterrein, and 
gave the same bluish red colour with alcoholic NaOH. (Found (Weiler): C, 48-24, 
48-05; H, 4-03, 3-97; N, 22-26, 22-08%. Cy H,,O,N, requires C, 47-98; H, 4-03; 
N, 22-39%.) 

Reaction of 3:5-dinitrobenzoyl chloride with 4-propyl-2-ketocyclopentanone (X1). 
The reaction was carried out as with tetrahydroterrein. Crystals separated which 
after recrystallization from alcohol melted at 116° and did not depress the M.P. 
of the 3:5-dinitrobenzoate prepared from tetrahydroterrein. (Found (Schoeller) : 
C, 53-99: H, 4-40; N, 8-46%. C,,H,,0,N, requires C, 53-89; H, 4-22; N, 8-38% .) 
Hence tetrahydroterrein on heating with N H,SO, loses 1 H,O to give 4-propyl- 
2-ketocyclopentanone (XI) which in the enolized form benzoylates readily. 

Reduction of 4-propyl-2-ketocyclopentanone (XI) to give 4-propyl-2-hydroxy- 
cyclopentanone (XIII). 4-Propyl-2-ketocyclopentanone (0-35 g.) from tetra- 
hydroterrein in 50% alcohol (30 ml.) was reduced with hydrogen in presence of 
a catalyst prepared from PdCl, (0-2 g.) and charcoal (1 g.). 60 ml. of H, were 
absorbed in 3 min., the reaction then ceasing. (Absorption of 2 atoms of hydrogen 
corresponds to an uptake of 56 ml. of hydrogen at N.t.P.) The alcoholic solution, 
after removal of the catalyst gave no colour with FeCl, , reduced Fehling’s solu- 
tion immediately in the cold and with Brady’s reagent gave slowly, as with 
acetoin, a precipitate which at first contained a monodinitrophenylhydrazone, 
but later became the bis-derivative, 2 hydrogen atoms being lost in the forma- 
tion. The monodinitrophenylhydrazone, on recrystallization from benzene, 
separated in fine yellow needles, m.p. 196°. (Found (Weiler): C, 52-80, 52-68; 
H, 5-71, 5-81; N, 17-72, 17-77%. C,,4H,,0;N, requires C, 52-16; H, 5-63; N, 
17-39%.) The compound gave the red colour with alcohol-NaOH typical of a 
monodinitrophenylhydrazone and had the same M.P. as, and was isomeric with, 
the monodinitrophenylhydrazone of 4-propyl-3-hydroxycyclopentanone (X), but 
gave with it a mixed m.P. depression of 5°. The bisdinitrophenylhydrazone 
after recrystallization from nitrobenzene-toluene melted at 241° and did not 
depress the m.P. of the bisdinitrophenylhydrazone prepared directly from 
tetrahydroterrein or from synthetic 4-propyl-2-ketocyclopentanone. 

Dehydration of tetrahydroterrein by distillation. Tetrahydroterrein (2-1 g.) 
was heated in a small distilling flask in an oil-bath and a slow stream of dry 
nitrogen passed. At a bath temperature of 130-140° water was obviously elimi- 
nated but the oily product distilled along with the water. The temperature was 
raised to 180° and the water and oil collected, yield 1-75 g. Even in a slow 
stream of nitrogen some loss occurred owing to the considerable volatility. More- 
over, owing to the volatility, it was not possible completely to dry the oil even 
at the ordinary temperature. (Found (Schoeller): C, 66-51; H, 8-69%. C,H,,0, 
requires C, 60-72; H, 8-92; whilst C,H,,0, requires C, 68-53; H, 8-63 %.) The rise 
in the carbon content may be taken as sufficient indication of the loss of water. 
[a]!§;, + 19-8° (ce =0-706 in alcohol). This product, which was an acidic yellow oil, 
insoluble in water and giving a red-violet FeCl, colour, was shown to be a 
mixture of 4-propyl-2-ketocyclopentanone (XI) and chiefly 4-propyl-3-keto- 
cyclopentanone (VII). With Brady’s reagent it gave a mixture of two bisdinitro- 
phenylhydrazones, both almost insoluble in alcohol and giving the blue colour 
with NaOH-alcohol typical of bis-derivatives. They were very difficult to 
separate, but one of them was shown to be identical with the bisdinitrophenyl- 
hydrazone of 4-propyl-2-ketocyclopentanone (XI). 

Reduction of distilled tetrahydroterrein. Distilled tetrahydroterrein (0-53 g.) 
in alcohol (50 ml.) was reduced by shaking with hydrogen and a catalyst pre- 
pared from PdCl, (0-2 g.) and charcoal (1 g.). In 2 min. 92-5 ml. hydrogen were 
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absorbed, the reaction then ceasing. (An uptake of 2 atoms of hydrogen requires 
an absorption of 84-8 ml. at n.t.p.) After removal of the catalyst, the alcohol 
was evaporated in vacuo and the product distilled in vacuo. A fraction was 
collected as a colourless oil, B.P. 105—107°/24 mm. (Found (Schoeller): C, 66-95; 
H, 9-82 %. C,H,,0, requires C, 67-56; H, 9-93 °%.) This oil was no longer acidic 
and did not give a FeCl, colour. With Brady’s reagent, it gave chiefly a mono- 
dinitrophenylhydrazone, m.P. 194°, which did not depress the M.P. of the 
monodinitrophenylhydrazone of 4-propyl-3-hydroxycyclopentanone (X), to- 
gether with a small amount of a bisdinitrophenylhydrazone, M.P. 241°, identical 
with that of the unreduced material. 

Exhaustive reduction of terrein. Formation of 4-propyl-3-hydroxy- and of 
4-propyl-2-hydroxy-cyclopentanone (X) and (XIII). When terrein is reduced in 
aqueous solution with Pd-C-H, as in the preparation of tetrahydroterrein 
(p. 992), but for a much longer time, the rapid initial absorption of 2H, is followed 
by a much slower absorption. Thus terrein (0-2604 g.) with a catalyst prepared 
from charcoal (1 g.) and PdCl, (0-2 g.) absorbed 75-7 ml. H, in 5 min. at N.1.?. 
and a further 40-3 ml. in the subsequent 200 min. (Absorption of 1 mol. H, 
requires 37-9 ml.) 

In a similar experiment 2 g. terrein were reduced, the catalyst filtered off and 
both liquid and catalyst were separately extracted continuously with ether. 
The combined ethereal extracts were dried over anhydrous MgSOQ,, the ether 
removed and the resulting oil distilled. A fraction was collected, B.p. 99-101°/ 
5 mm. and was redistilled and collected at 87°/2 mm. (Found (Schoeller): C, 
66-95, 66-81; H, 9-91, 986%. C,H,,0, requires C, 67-56; H, 9-°93%.) The oil 
was almost insoluble in water, did not give a colour with FeCl, but reduced 
Fehling’s solution instantly in the cold. In the formation of this oil from 
tetrahydroterrein, therefore, 2 atoms of hydrogen had been used and | atom of 
oxygen removed, indicating that a CHOH group had been reduced to CH,. As will 
be seen from the following experiments, this oil consists of a mixture of 4-propyl- 
2-hydroxy- and 4-propyl-3-hydroxy-cyclopentanones. 

Separation of 4-propyl-3-hydroxycyclopentanone (X). Long colourless needles 
slowly separated from the above oil on standing, which after recrystallization 
from benzene melted at 124°. (Found (Schoeller): C, 67-65, 67-65; H, 9-88, 
9-87 %. C,H,,0, requires C, 67-56; H, 9-93 %.) A Zerewitinoff estimation (Roth) 
gave in anisole 0-99 and 1-1 active H atoms, and in pyridine 1-16 and 1-22 active 
H atoms at 18 and 95° in each case. 

This compound did not reduce Fehling’s solution instantly in the cold but 
only slowly over 48 hr. With Brady’s reagent, it gave immediately a yellow 
monodinitrophenylhydrazone which after recrystallization from benzene or 
aqueous alcohol melted at 196°. (Found (Schoeller): C, 52-18, 52-22; H, 5-58, 
5-63; N, 17-70, 17-55%. C,,H,,0;N, requires C, 52-14; H, 5-63; N, 17-38%.) 

The compound, on standing for 1 hr. with semicarbazide hydrochloride, 
sodium acetate and a few drops of water, readily gave a semicarbazone which 
after recrystallization from water separated in colourless platelets, M.p. 157°. 
(Found (Schoeller): C, 54:50, 54:35; H, 8-72, 8-81; N, 21-11%. C,H,,0,N; 
requires C, 54-24; H, 8-61; N, 21-09%.) 

The above properties, in particular the lack of reducing power to Fehling’s 
solution and the formation of a monodinitrophenylhydrazone only, agree with 
the formulation of this compound as 4-propyl-3-hydroxycyclopentanone (X), 
which has been derived from tetrahydroterrein (III) (4-propyl-2:3-dihydroxy- 
cyclopentanone) by conversion of the CHOH group in position 2 into a CH, 


group. 
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4-Propyl-2-hydroxycyclopentanone (XIII). In the above preparation of 
erystalline 4-propyl-3-hydroxycyclopentanone, a considerable amount of 
material remained as an oil and could not be obtained crystalline. The oil con- 
tained in addition to a further amount of 4-propyl-3-hydroxycyclopentanone, 
separable as the monodinitrophenylhydrazoné, m.p. 196°, a second substance 
which reduced Fehling’s solution instantly in the cold, and on standing with 
Brady’s reagent, slowly, as with acetoin, gave a bisdinitrophenylhydrazone, 
’ 2 atoms of H being lost in the reaction. This bisdinitrophenylhydrazone on 
recrystallization from nitrobenzene melted at 241°, and did not depress the M.P. 
of the bisdinitrophenylhydrazone of 4-propyl-2-ketocyclopentanone (XI) either 
before or after reduction, or of the bisdinitrophenylhydrazone of tetrahydro- 
terrein, 4-propyl-2:3-dihydroxycyclopentanone (III). It seems, therefore, 
justifiable to assume that the substance giving rise to this bisdinitropheny]- 
hydrazone is 4-propyl-2-hydroxycyclopentanone (XIII), identical with the 
substance obtained by reduction of 4-propyl-2-ketocyclopentanone (XI). 

Exhaustive reduction of tetrahydroterrein. In a further experiment, it was 
found that crystalline tetrahydroterrein, on reduction, absorbs 1 H, at a rate 
identical with that of the slow second phase of reduction of terrein, and here 
again crystalline 4-propyl-3-hydroxycyclopentanone, along with an oil, was 
obtained. 


Oxidation experiments with terrein and tetrahydroterrein 


(a) Oxidation of terrein with alkaline iodine. Terrein (1 g.) was dissolved in 
water (25 ml.), V/10 iodine (390 ml.) and N NaOH (60 ml.) were added and the 
solution kept in the dark at room temperature for 24 hr. A trace of CHI, was 
formed. After acidification, titration with thiosulphate showed an absorption 
of 4-88 atoms of iodine. The solution was then neutralized to phenolphthalein, 
evaporated in vacuo to a small volume, acidified and extracted continuously with 


ether. The brown ethereal extract was dried over MgSO,, and on removal of 
ether gave a brown oil, from which on rubbing with ethyl acetate and cooling, a 
crystalline solid separated; colourless needles from ethyl acetate, M.P. 183°. 
(Found (Schoeller): C, 52-22; H, 4.46%. C,H,O; requires C, 52-17; H, 4-38 % .) 
3-277 mg. on neutralization to methyl red required 2-40 ml. N/70 NaOH cor- 
responding to an equivalent of 95-6. (C,H,O; titrating as a dibasic acid requires 
92.) 
(6) Oxidation of terrein with periodic acid. This oxidation was carried out 
using the modification of the Malaprade method [1928] described by Clutterbuck 
& Reuter [1935], both the oxygen absorption and the acid production being 
determined. 

(1) Oxygen absorption. 0-0586 g. of terrein used an amount of oxygen equi- 
valent to 14-5 ml. N/10 iodine. The theoretical value assuming the absorption 
of 2 atoms of oxygen is 15-2 ml. 

(2) Acid production. Using 0-5004 g. terrein the acid formed was equivalent 
to 6-0 ml. N NaOH. The production of 2 equiv. of acid corresponds to 6-5 ml. 
N NaOH. The solution resulting from this experiment was then divided into 
2 equal parts and used for investigation of the nature of the products. 

(i) To half the solution, Brady’s reagent was added and a yellow crystalline 
compound was slowly deposited during 3 weeks. After recrystallization from 
ethyl acetate it separated in fine radiating, yellow needles, insoluble in NaHCO,, 
M.P. (with careful heating) 221°. The m.P. varied considerably with the rate of 
heating. (Found (Schoeller) on sample dried at 63° in vacuo: C, 48-64, 48-84; 
H, 3-83, 3-84; N, 17-52, 17-55%. C,3H,.0,N,, ie. monodinitrophenylhydrazone 
of C,H,O, requires C, 48-74; H, 3-78; N, 17-50%.) 
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(ii) The remainder of the solution was treated by the method of Fincke [1913] 
for the determination of its formic acid content. The Hg,Cl, precipitate weighed 
0-616 g. (The theoretical weight of Hg,Cl, corresponding to the production from 
0-2502 g. terrein of 1 mol. of formic acid is 0-767 g.) Terrein, therefore, with 
HIO, absorbs 2 atoms of oxygen and gives 1 mol. each of formic acid and of a 
compound C,H,0,. 

Isolation and properties of the acid C;H;0; (XXV). Terrein (2 g.) was dis- 
solved in 1% H,SO, (500 ml.) containing KIO, (6 g.). The rotation of this fluid 
immediately after mixing was «545, +0-77°. After 6 hr. at room temperature the 
rotation had fallen to +0-10° and after 24 hr. to +0-02°. The solution was 
then neutralized to litmus and exhaustively extracted with ether. After removal 
of ether and drying 1-3 g. of oil remained which crystallized later; colourless 
prisms ex benzene, M.P. 82°. (Found (Schoeller): C, 59-99, 60-00; H, 5-73, 
581%. C,H,O; requires C, 59-98; H, 5-76%.) Rotation, nil. 

In a Zerewitinoff estimation (Roth) it gave, both in anisole and in pyridine, 
0-99 and 1-01 mol. CH, at 18 and 95° in both cases respectively. 0-0852 g. gave 
a negligible titration to phenolphthalein in the cold, but on heating on the water- 
bath for 1 hr. with excess N/10 NaOH 6-82 ml. were required for neutralization, 
corresponding to an equivalent of 125 (C,H,O, titrating as the lactone of a 
monobasic acid requires 140). The solution during heating developed a yellow 
colour and some decomposition had obviously taken place. 

It did not give a Schiff reaction for a free CHO grouping and with Brady’s 
reagent slowly (over some 3 weeks) gave the same dinitrophenylhydrazone, M.P. 
221°, as is described on p. 997. It appears that the presence of a CHO group 
formed by the action of HIO, is masked by ring formation with the COOH group 
(a reaction of common occurrence with y-aldehydo-acids), the ring structure 
being stabilized by the double bond also present (see structure (XXV)). The 
presence and slow liberation of the CHO group was confirmed by a hydroxy]l- 
amine titration [Schultes, 1934]. Using 0-0928 g. of C,H,O,, 2-7, 3-8, 6-25 and 
7-6 ml. N/10 NaOH were used in 3, 6, 24, 48 hr. (Theory for 1 CHO group 
6-63 ml.) 

Catalytic reduction of the acid C;Hs03; (XXV) to the lactone of B-propyl-y- 
hydroxybutyric acid (XXVI). A solution of the acid C,H,O, (2-35 g.) in water 
(75 ml.) was shaken with a Pd-norite catalyst prepared as previously described. 
The equivalent of 1 mol. hydrogen was immediately absorbed, whilst a further 
2 mol. were absorbed more slowly, the second taking about 15 min. and the third 
about 4 hr. The product was no longer soluble in water and was almost entirely 
adsorbed on the charcoal catalyst. On filtering and extracting the charcoal with 
ether in a Soxhlet apparatus, an almost theoretical yield of a very mobile 
colourless oil was obtained which did not crystallize. It was distilled in vacuo and 
practically the whole of the oil distilled at 104-106°/18 mm. (Found (Schoeller) : 
C, 64-45, 64:30; H, 9-87, 9-939. C,H,.0, requires C, 65-58; H, 9-45 % .) 

0-0689 g. of this oil gave a negligible titration in the cold, but on heating with 
excess V/10 NaOH for 1 hr. and back-titrating to phenolphthalein required 
5-42 ml. V/10 NaOH corresponding to equiv. wt. 127 (C,H,,0, titrating as the 
lactone of a monobasic acid requires 128). The oil no longer reduced Fehling’s 
solution and did not give a dinitrophenylhydrazone with Brady’s reagent. It 
gave, however, on warming on the water-bath with a slight excess of redistilled 
phenylhydrazine and a little alcohol, a beautifully crystalline, almost colourless 
phenylhydrazide which after recrystallization from ether-light petroleum separ- 
ated in plates, M.P. 115° alone or mixed with a synthetic specimen of the phenyl- 
hydrazide of £-propyl-y-hydroxybutyric acid (see p. 999). (Found (Schoeller): 
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C, 66-18, 66-29; H, 8-52, 8-53; N, 11-98, 11-83%. C,,;H,,0,N, requires C, 66-06; 
H, 8-54; N, 11-86%.) 

The oil on oxidation gave rise to dl-propylsuccinic acid (VI). The oil (0-1 g.) 
was added to Kiliani mixture (2 ml.), and kept for a week at room temperature 
with frequent shaking. The oily layer had then set solid and was filtered off. 
After recrystallization from light petroleum (B.P. 80-100°) it melted at 94°, not 
depressed by mixing with a synthetic.sample of dl-propylsuccinic acid (see 

. 1000). 

. Synthesis of B-n-propylbutyrolactone (X XVI). B-n-Propylglutaric acid, pre- 
pared as described on p. 994, was converted into the NH, salt, which on heating 
- in an oil-bath at 190-200° readily lost NH, and gave f-propylglutarimide which 
crystallized from alcohol in shining plates, M.p. 112°. (Found (Weiler): C, 61-61, 
61-82; H, 8-35, 8-51; N, 8-85, 8-96°%. C,H,,0,N requires C, 61-90; H, 8-45; N, 
9-03 %.) The Hoffmann degradation with the formation of B-propyl-y-amino- 
butyric acid was then carried out using both NaOBr and NaOCl.! The yield 
was extremely poor with NaOBr and moderate with NaOCl. The imide (3-2 g.) 
was first brought into solution by heating and stirring with water (150 ml.) con- 
taining NaOH (0-3 g.); the liquid was cooled to 0°, a solution of 10% NaOH 
(10-1 g.) and 5 % NaOBr (28-8 g.) (or 9 g. of 10 % NaOCl) was added, kept 15 min. 
and then heated 15 min. A few drops of bisulphite were added and the solution 
made acid with HCl. 

The aqueous solution of the amino-acid hydrochloride, in order to obtain the 
corresponding hydroxy-compound, was treated with a suspension of AgNOQ,, the 
AgCl filtered off and the filtrate heated until evolution of N, ceased; the 
solution was then made alkaline, evaporated to a small bulk and acidified. The 
resulting oil was extracted with ether, the ethereal solution dried, the ether 
removed and the oil fractionated. The lactone was collected, B.P. 110-112°/20mm. 

Phenylhydrazide. The lactone was converted into the phenylhydrazide by 
the method used by Clutterbuck e¢ al. [1935] with butyrolactone. The hydrazide 
was obtained solid by rubbing with ether-light petroleum and crystallized from 
benzene in colourless plates, M.p. 115°. It did not depress the m.p. of the 
corresponding compound, m.P. 115°, obtained from terrein. (Found (Schoeller) : 
C, 65-91; H, 8-44; N, 12-00%. C,,;H)0,N, requires C, 66-06; H, 8-54; N, 11-86%.) 

(c) Oxidation of tetrahydroterrein with periodic acid. The experimental con- 
ditions were those described by Clutterbuck & Reuter [1935]. 0-0543 g. of tetra- 
hydroterrein, M.P. 84°, used an amount of oxygen equivalent to 13-70 ml. V/10 
iodine. The theoretical value assuming the absorption of 2 atoms of oxygen is 
13-74 ml. 

Brady’s reagent was then added to this solution and a yellow precipitate 
separated which after several recrystallizations from aqueous alcohol was 
obtained in yellow needles, m.p. 157°. It was soluble in NaHCO, solution and 
gave the red colour with alcohol and NaOH typical of a monodinitropheny]- 
hydrazone. (Found (Schoeller): C, 48-15, 48-15; H, 4-85, 4-88; N, 17-23, 17-34%. 
C,3H,,0,N, requires C, 48-14; H, 4-98; N, 17-28%.) The compound is therefore 
the monodinitrophenylhydrazone of a substance C,H,,0,. On standing in the 
cold with alcohol-H,SO, it readily gave a compound insoluble in NaHCO, solution 
which after recrystallization from aqueous alcohol separated in yellow needles, 
M.P. 86°. (Found (Schoeller): C, 51-45, 51-27; H, 5-78, 5-74; N, 16-19, 15-84%. 
C,;H» O,N, requires C, 51-12; H, 5-73; N, 15-91%.) The analysis and the 

1 The suggestion that the synthesis might be effected by a Hoffmann degradation of propyl- 
glutaric acid was made by Prof. R. Robinson, and the actual working out of the synthesis was done 
by Dr W. Koerber, to both of whom we tender our best thanks. 
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insolubility in NaHCO, suggest that esterification of a carboxyl group has 
occurred. 

One product of the oxidation of tetrahydroterrein by HIO, is therefore the 
aldehydo-acid C,H,,0; (II) and from the structure assigned to tetrahydroterrein 
(III) this compound must be B-formyl-n-hexanoic acid, i.e. one form of the half 
aldehyde of propylsuccinic acid. This view is later supported by the quantitative 
oxidation of C,H,,0; by alkaline iodine to d-n-propylsuccinic acid (VI) see 
below). 

In a further similar experiment the presence of formic acid in the oxidation 
solution was detected and its amount determined by the method of Fincke 
[1913]. Tetrahydroterrein (0-300 g.) gave 0-779 g. Hg,Cl,. (Theory for the pro- 
duction of 1 mol. formic acid is 0-896 g.) The reaction of tetrahydroterrein with 
HIO, therefore follows the equation 

C,H,,0;+ O,=C,H,,0,+ H.COOH. 


(d) Oxidation of tetrahydroterrein with periodic acid followed by alkaline iodine. 
Formation of d-n-propylsuccinic acid (VI). Tetrahydroterrein (0-250 g.) was 
dissolved in the usual KIO, solution (275 ml.) and 2N H,SO, (30 ml.) was added. 
Next day, KI (6 g.) and 2N NaOH (50 ml.) were added and the solution kept 
for 24 hr. Acidification and titration with N/10 thiosulphate revealed that 
99-0 ml. V/10 iodine had been absorbed. The theoretical amount of iodine, 
assuming the absorption of 3 atoms of oxygen, is 94-8 ml. The solution was then 
neutralized, concentrated in vacuo to a small bulk, acidified and extracted con- 
tinuously with ether. The ethereal extract after drying over anhydrous MgSO, 
and removal of solvent gave a brown oil which readily solidified on rubbing with 
a little light petroleum, B.p. 40/50°. After several recrystallizations from light 
petroleum, B.P. 80/100° it separated in colourless needles, M.P. 103°, [a] }5,, + 26-6° 
(c=0-602 in H,O). (Found (Schoeller): C, 52-41; H, 7-50%. C,H,,0, requires 
C, 52-48; H, 7-55%.) 0-0119 g. required 1-43 ml. V/10 alkali for neutralization 
to phenolphthalein giving equiv. wt. 83-2. C,H,,0, titrating as a dibasic acid 
requires 80. 

The acid on heating in 50% KOH for 6 hr. under reflux, and re-isolating, 
showed no material alteration in rotation, racemization being extremely difficult 
to effect. 

The acid depressed the M.P. of d-isopropylsuccinic acid, m.P. 94° (kindly 
supplied by Drs Henry & Paget [1928]) by 15°; it depressed the m.P. of dl-aa’- 
methylethylsuccinic acid (kindly supplied by Prof. Thunberg) by 30°; it de- 
pressed the m.p. of a sample of dl-x«’-methylethylsuccinic acid synthesized by 
the method of Higson & Thorpe [1906] by 25°, but did not depress the m.P. of a 
sample of d-n-propylsuccinic acid, M.P. 98°, [«]+9-6° kindly supplied by Prof. 
Timmermans. Since the acid from tetrahydroterrein had, however, a higher 
M.P. (103°) and rotation, [a]‘},,+26-6°, it became necessary to synthesize dl-n- 
propylsuccinic acid and to resolve it. 

Synthesis of dl-n-propylsuccinic acid. The synthesis was first effected by 
condensation of butaldehyde with sodium cyanoacetate and conversion of the 
a-cyanoacrylic acid into propylsuccinic acid using the general method of Lap- 
worth & McCrae [1922] as carried out by Timmermans & van der Haegen [1933]. 
The yield obtained was small. 

A second synthesis, with larger yield, was effected by condensation of ethyl 
chloroacetate with ethyl sodiomalonate giving ethyl ethenyltricarboxylate, 
B.P. 162-165°/20 mm. [Bischoff, 1882], followed by further condensation with 
n-propyl iodide in presence of sodium ethoxide. This reaction was best carried 
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out in boiling toluene. The resulting ethyl n-propylearboxysuccinate, B.P. 
175-178°/28 mm., was obtained in 72% yield. The free acid was obtained by 
boiling with alcoholic KOH, removing the alcohol and extracting continuously 
with ether. The crude propylearboxysuccinic acid was then converted into 
dl-n-propylsuccinic acid by thermal decarboxylation. The best method of 
purification was by fractional distillation in vacuo of the anhydride (B.p. 145- 
146°/25 mm.). The free acid, obtained from the anhydride, was recrystallized 
several times from water (2-3 vol.). The m.P. of dl-n-propylsuccinic acid obtained 
by both synthetic methods was eventually raised to 94° but could not be 
obtained higher. 0-0598 g. of the synthetic acid required 7-4 ml. V/10 NaOH for 
neutralization to phenolphthalein giving equiv. wt. 80-8 (C,H,,0, titrating as a 
dibasic acid requires 80). 

Resolution of synthetic dl-n-propylsuccinic acid. The resolution was effected 
by strychnine using the method of Braun & Reinhard [1929]. The acid (7-5 g.) 
was dissolved in water (450 ml.) and strychnine (31-2 g.) was added, the solution 
warmed on the water-bath and kept overnight in the cold room. The precipitate 
was dissolved in water (1500 ml.) at 80—-90°, filtered from dissociated strychnine 
NH,OH (150 ml.; sp. gr. 0-88) added. The strychnine separating was filtered and 
the filtrate was evaporated to a small volume, acidified and extracted con- 
tinuously with ether. 3-55 g. of acid were obtained, M.p. 95-97°, unchanged by 
recrystallization from light petroleum (B.P. 80—90°), [«]!%,,+20-6° (c=1-204 in 
H,O). The resolution was repeated. The whole of the material was dissolved in 
warm water (280 ml.), strychnine (14-8 g.) was added and the propylsuccinic 
acid isolated from the precipitate as before. After recrystallization from light 
petroleum it melted at 103° and did not depress the m.P. of the natural product, 
M.P. 103°, [«]}%,+26-8° (c=1-12 in water). (Found (Weiler): C, 52-67, 52-60; 
H, 7-51, 7-41%. C,H,.0, requires C, 52-48; H, 7-55%.) 0-0691 g. required 
8-65 ml. N/10 NaOH for neutralization to phenolphthalein giving equiv. wt. 
79-9 (C,H,,0, titrating as a dibasic acid requires 80). 

(e) Oxidation of tetrahydroterrein with chromic acid. Oxidation of tetrahydro- 
terrein with Kiliani’s chromic acid mixture [Kiliani & Merk, 1901] gave a good 
yield of d-n-propylsuccinic acid, M.P. 100°. 

(f) Oxidation of distilled tetrahydroterrein. Distilled tetrahydroterrein (see 
p. 995) was oxidized with KMnQ, in acetone. The product of oxidation proved 
to be d-n-propylsuccinic acid, mixed m.P. 99°. (Found (Schoeller): C, 52-71; 
H, 7-55%. C,H,,0, requires C, 52-48; H, 7-55 % .) 

(g) Treatment of terrein with ozone. Ozonized air was passed for 2 hr. into a 
solution of terrein (0-5 g.) in water (10 ml.), cooled in ice. Nitrogen was then 
bubbled through the solution and the gases evolved on warming were passed 
into bubblers containing 2:4-dinitrophenylhydrazine reagent. A copious pre- 
cipitate of acetaldehydedinitrophenylhydrazone separated which after recrys- 
tallization from alcohol separated in small yellow plates, M.p. 163°, and did not 
depress the M.P. of an authentic specimen. 

(h) y-Lactone of «-hydroxy-B-n-propylglutaric acid, CsH;20, (IX). 2g. of 
crude 4-propyl-3-hydroxycyclopentanone (X) were heated with 40 ml. of 
HNO, (sp. gr. 1-2) in a water-bath, the temperature being slowly raised until at 
75-80° a vigorous reaction just began. The heating was continued at this tem- 
perature for half an hour when evolution of brown fumes apparently ceased. 
The pale yellow oxidation solution was neutralized to litmus with NaOH and 
solid AgNO, added until no further precipitation occurred. The Ag salt was 
immediately filtered off, rapidly washed with a little water, suspended in dilute 
H,SO, and the acids recovered by continuous ether extraction. The extracted 
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material, after removal of solvent, was neutralized, made faintly acid with dilute 
HCl and a little oxalic acid removed as calcium oxalate. The filtrate was acidified 
and re-extracted continuously with ether. The ethereal extract was dried over 
anhydrous MgSO, and on evaporation left an oil which solidified on standing 
in vacuo over H,SO,. After several recrystallizations from benzene, it separated 
in long colourless needles, M.P. 96°. (Found (Schoeller) : C, 55-75, 55-59; H, 6-97, 
7:10 %. CgH,,0, requires C, 55-80; H, 7-03 % .) 0-0165 g. required for neutraliza- 
tion to phenolphthalein at room temperature 1-03 ml. N/10 NaOH, and after 
heating with excess NaOH and back-titrating an additional 0-97 ml. V/10 
NaOH, corresponding to equivalents of 160 and 83 respectively. C,H,,0,, 
titrating as a mono- and a di-basic acid, requires 172 and 86 respectively. The 
acid was recovered from the titrated solution and shown by mixed M.P. to be 
unchanged. 

Active hydrogen determinations (Zerewitinoff-Roth) in pyridine and in 
anisole at 18 and 95° gave 1-00 and 1-06 active H atoms. 

On oxidation with Kiliani’s mixture it gave d-n-propylsuccinic acid. 

The above analytical data indicate that the compound C,H,,0, is the y-lactone 
of a hydroxylated dibasic acid, and from the structure assigned to the parent 
substance it is most probably the y-lactone of «-hydroxy-f-n-propylglutaric 
acid (IX), thus drawing it into line with the structure of propylbutyrolactone 
(X XVI) obtained from terrein by HIO, oxidation and prolonged reduction of 
the product C,H,O, (XXV). 
























SUMMARY 





The molecular constitution of terrein, C,H,)0,, a metabolic product of certain 
strains of the group species Aspergillus terreus Thom, has been investigated. By 
a study of its general properties, derivatives and breakdown products it has been 
shown to be 4-propenyl-2-hydroxy-3:5-oxidocyclopentane-1l-one. 








We desire to thank Messrs G. Smith and W. K. Anslow for much technical 
assistance in the preparation of the terrein used in this investigation. 
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In the first two papers of this series [Elliott & Schroeder, 1934; Elliott e¢ al. 
1935] methods were described for the study of the course of breakdown of 
lactate and pyruvate by tissue slices, using a combination of manometric and 
analytical techniques. In the first paper, it was indicated that in rabbit kidney 
cortex, lactate is oxidized to pyruvate, and that most of the pyruvate removal 
occurs in a cyclic series of reactions whereby pyruvate (2 mol.) is converted 
successively into succinate, fumarate, malate and oxaloacetate, the latter com- 
pound decomposing to yield pyruvate again (1 mol.) in half the original amount. 
Tn the second paper, it was shown that in rat kidney a similar cycle of reactions 
occurs, but that in two strains of transplantable rat tumours the reactions 
lactate pyruvate, succinate > fumarate, and malate — oxaloacetate scarcely 
occur at all. Pyruvate is partially oxidized by tumour but without a correspond- 
ing disappearance of acid groups. In papers shortly to be published further 
evidence for the occurrence of the reaction cycle in kidney will be given by showing 
definitely the production of succinate from pyruvate, and it will be shown that 
synthesis of carbohydrate! accounts for part of the lactate, pyruvate, succinate 
etc. which disappears with kidney slices and part of the lactate and pyruvate 
disappearing with liver. 

The methods described by Elliott & Schroeder with the improvements 
described by Elliott et al. have now been applied, without further modification, 
to rat liver, brain and testis, and the results which are given in the present paper 
show that in none of these tissues does the cycle of reactions observed in kidney 
occur to any extent. 

In future work we plan to study the behaviour of muscle, retina, embryo 
tissue and yeast. 

EXPERIMENTAL 


As in previous papers the concentrations of substrates in the medium were, 
unless otherwise stated : dl-lactate, M/25; pyruvate and acetate, M/50; succinate, 
fumarate, /-malate and oxaloacetate, N/50 or M/100. Keilin danglers were not 
used for making substrate additions, except in stated cases. 

The terms used for expressing results are those defined in the previous papers. 
Figures in brackets under Q,,, refer to estimations which were given wholly or 
partly by malate [see Elliott et al. 1935]. In the tables below, figures for Q,.,. 

1 Total carbohydrate. Elliott & Schroeder [1934] and Elliott et al. [1935] showed that kidney 
cortex does not synthesize glycogen. 
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have been omitted in experiments with oxaloacetate since it was found that the 
presence of tissue extracts interferes with the estimation of oxaloacetate and the 
results are quite unreliable. 

The movement of the manometer fluid during the experimental period is the 
resultant of O, uptake, CO, output and acid change; for convenience the graph 
of this movement against time will in future be referred to as “‘the composite 
curve”. When metabolic events are proceeding steadily, the composite curve is 
a straight line. 

It is difficult to decide whether it is more significant to calculate results in 
terms of the dry weight of the tissue at the end of an experiment (“‘final dry 
weight’”’) or in terms of a dry weight deduced from the initial wet weight of the 
tissue slices placed in the vessel and the dry weight/wet weight ratio of a separate 
sample of the slices (‘‘initial dry weight’’). The initial dry weight should more 
truly represent the amount of tissue taken, though it is not very accurate unless 
the tissue has been dried so thoroughly on filter-paper as to risk damaging it. 
















Table I. Wet weight/dry weight ratios of tissue slices 
Wet wt./final dry wt. 










Wet wt./initial dry wt. —— 
a ae cers Anaerobic or 
Dried directly Rinsed in H,O Aerobic malonate- 
Tissue after weighing _ before drying experiments inhibited 
Kidney Mean 4:5 4-7 6-1 7-9 (7-0) 
p Usualrange 4-1-5-2 5-2-6-7 7-2-9-0 (5-9-7-8) 
Examples* 4-4, 4-5 4-7 





5-4, 5-9, 5-5, 5°8 
6-5, 6-4 (7-8, 7-6) 
8-7, 9-0, 8-2 
















Mean 4-35 4-45 6-3 6-8 
Usual range 3-9-5-0 5:3-7-7 5-3-8-9 
Examples* 4-6, 4-5 4-8, 4-6 
4:5, 4-7 4-6, 4-5 
4-4, 4-4 6-4, 6-5, 6-4, 6-3 
4-2 6-7, 6-5, 7-7, 7-1 
4-0, 4-0 6-0, 5-9 7-3, T° 2. 
4-2, 4-3 6-8, 5-7, 5-2, 6-2 
Brain Mean 8-1 8-8 12-0 12-1 
Usual range 7-1-8-9F 8-0-9-7 10-6—14-2 10-1-14-1 
Examples* 7-6, 7-8, 8-3, 8-5 
8-9, 9-4 12-3, 12-0, 12-9, 11-8 
8-3 11-3, 12-0, 11- 7, 12-8 
Testis Mean 7-4 8-3 13-8 14-50 
Usual range 7-2-7-7 7-2-10-1 11-6-16-3 11-7-16-7 
Examples* 7-7, 7-7 8-23, 8-27, 
9-5, 9-7 10-2, 9-9 
7-4 
7-6 
7-6 









Phila. No. 1 Mean 6-0 6-15 7-6 7-5 
sarcoma Usual range 5-7-6-2 5-7-6-5 7-0-8-4 7-2-8-9 
Examples* 6-2 6-3 
58 5-85 






8-4, 8-1, 7-4, 7-5 





7-5, 6-7, 68 






* Typical examples of determinations in sets of experiments on one sample of tissue. 
+ Exceptional values of 5-3 and 10-4 have been obtained. 
¢t Exceptionally high ratios. 
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The final dry weight is usually considerably less than the initial dry weight since 
some solids have been lost by disintegration of cells or have diffused out of the 
tissue, and it may depend on the extent to which the tissue has been damaged in 
slicing. Even in a single set of experiments, the wet weight/final dry weight ratio 
for the tissue in different manometer vessels varies widely. In anaerobic experi- 
ments or where respiration has been inhibited, by malonate for instance, kidney 
tissue disintegrates considerably so that the final dry weight is particularly low. 
Possibly the final dry weight is the best measure of the intact tissue present 
during the experiment, and as it is known that the metabolism of damaged tissue 
is in most respects very small [see e.g. Elliott & Schroeder, 1934], the final dry 
weight may be the best basis on which to compute the activity of the tissue. In 
the tables given below, as in previous papers, the quantities are calculated from 
the final dry weight, and in a few cases, the values calculated from the initial 
dry weight are given in small type. In general, the conclusions given in the text 
apply to both sets of values. Of course, to estimate the metabolism per unit 
weight of fresh organ, the ratio fresh weight/dry weight of the organ must be 
used. The figures in Table I refer only to the ratio with prepared, rinsed slices 
and are higher than that of directly dried tissue. 

Table I shows wet weight/dry weight ratios found, and variations observed, 
with slices prepared in the usual way from various tissues. Since it seemed likely 
that the salts in any Ringer solution adhering to the moist tissue might appreci- 
ably affect the dry weight, the slices were in many cases rinsed in distilled water 
before drying. Experiments showed that, in the case of brain, where the tissue 
is drained only on perforated disks, a difference of about 8-9 % is found; with 
testis, which cannot be drained very thoroughly, the difference was 5-7 %, but 
with the other tissues, well-drained on filter-paper, the difference never exceeded 
5% and was usually inappreciable. Duplicate determinations of initial dry 
weight agreed within 5% or less in all cases. 

In order to give some idea of the way in which tissues may vary in activity, the 
results of all our experiments are given in the following tables without selection. 
The values given for R.Q. and Q¢o, are corrected for the blank error described by 
Elliott & Baker [1935]. : 


LIVER 


The effects of lactate and pyruvate on the metabolism of liver tissue have 
been studied by various workers and especially by Meyerhof and his col- 
laborators. Below are given the results of more comprehensive experiments to 
determine the fate of these substances with liver slices. These results are in 
agreement with those of previous workers as far as they went. 

For these experiments slices were prepared from three lobes of the liver and 
roughly the same relative amount of tissue from each lobe was put in each 
manometer vessel, the total weight of moist tissue for each vessel being about 
200 mg. Results obtained with liver slices are shown in Tables II, III and IV. 

The results of duplicate experiments with liver (Table II) show that while 
the agreement between R.Q. values is close, a variation up to about 10% in the 
Qo, values should be expected. The metabolic events occurring in liver in the 
course of an aerobic manometric experiment with no substrate addition other 
than glucose deserve closer study since it is often observed that the composite 
curve is not a straight line but bends as though glycolysis occurs for the first 
20-30 min. of the experimental period and gradually ceases. In nearly all 
experiments with livers of fed rats a certain amount of lactate, about 0-3 mg., 
was found in the left-hand vessel, indicating a quite rapid aerobic glycolysis 
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Table II. Rat liver. Duplicate experiments 


Substrate Glucose -Qo,* R.Q. Qa Qua 
No addition = 11:3. 8-3 0-89 + 0-02 +08 +0-2 
a + 10:5 8-2 0-87 + 0-02 +0-7 +02 

_ 12-1 0-93 + 0-03 +23 — 


” 


13-0 0-93 + 0-02 


13-8 87 0-98 + 0-01 +2-2 Usual wt. of tissue, 
200 mg. moist 





+ 


+ 14-0 9-4 0-97 + 0-02 +3-0 Larger wt. of tissue, 


312 mg. moist 


* Figures in small type are calculated on the basis of initial dry weights. 


during the initial 18 min. of treatment with gas and equilibration. This behaviour 
of liver is similar to that of brain (see below). With starved livers only about 
0-1 mg. was found. (Elliott & Baker [1935] noted that livers of some well-fed 
animals showed a high anaerobic glycolysis, which fell off rapidly.) It will be 
noticed in many of the experiments without added substrate that the lactic 
acid found (Q;,,4) does not account for the whole acid formation (Q ,); probably 
some of the lactic acid formed undergoes further metabolism with the formation 
of other acid products (see below). 

The metabolism of liver tissue varies considerably, but from the results shown 
in Tables II and IV it will be seen that its behaviour with the various substrates 
tried is quite different from that of kidney tissue [Elliott et al. 1935], and there is 
no evidence that the cycle of reactions carried out by kidney occurs to any extent 
in the liver. The effects observed with each substrate will be considered 
separately. 

Lactate. Meyerhof et al. [1925; 1926] showed that the addition of lactate or 
pyruvate causes some increase in the respiration of liver tissue especially when 
the rat has been starved for 1 or 2 days. In Tables IIT and IV the figures 
vary and the differences are often of the order of magnitude of experimental 
variation, but in general a small increase in oxygen uptake is found with added 
lactate. The R.Q. of normal livers is usually scarcely affected, but the negative 
values for Q , (also observed by Meyerhof & Lohmann [1926]) and Q,,4 indicate 
that lactate is being metabolized, in some cases quite rapidly. Except in the 
case of one abnormal liver, the rate of lactate metabolism (—Q, and —Q,,4) 
was found to be higher with the livers of starved animals; the normal R.Q. of 
starved liver is low and the oxidation of added lactate causes a raised R.Q. The 
first product of the oxidation of lactate by liver, just as by other tissues, seems to 
be pyruvate ; this is indicated by a small increase in keto-bodies. This production 
of pyruvate, as is to be expected, is often appreciable during the initial period, 
but, as its removal soon becomes as rapid as its formation, the increase over the 
experimental 90 min. is small. 

In some cases, the acid disappearance (—@,) is approximately equal to the 
lactate disappearance (—@,,,); in others, the acid group removal is considerably 
less than the lactate disappearance. Usually a large fraction of the lactate which 
is removed is synthesized to carbohydrate [Takane, 1926; Benoy & Elliott, 
1937]. The synthesis may involve the whole lactate molecule, or after oxidation 
to pyruvate a part of the molecule may be oxidized to CO, while the remainder 
forms carbohydrate, according to an equation suggested by Meyerhof et al. [1925]. 
In either case —Q, should equal —Q;,. A second fraction after oxidation to 
pyruvic acid is converted into succinic acid [Elliott & Greig, 1937], possibly by 
a series of oxidations and dismutations involving the intermediate formation of 
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Table IIT. Livers of well-fed rats 


Substrate Glucose -Qo,"? R.Q.) Qa, Ora? 3) Q Keto Q Ala. 
No addition - 10-8 0 0-90 + 0-02 +13 + 0-6 0 
Lactate + 11-2 7-9 0-85 + 0-02 —2-0 + O9[+41] O 
Pyruvate + li-l 7-7 1-53 + 0-02 +50 [+ll] —-13°8 +0-2 
Succinate 13-7 0-66 + 0-02 (+2-6) 0-3 0 
No addition - 11-9 1-07 + 0-02 +0-9 - 0-3 -— 
Lactate - 12-6 1-13+0-02 — 6:3 - 10 [+2-2] — 
Pyruvate 13-0 1-60+0-01 10-6 
Succinate - 14-0 0-94+0-01 0-4 
No addition 12-2 0-93 + 0-02 0-5 
Lactate 14-7 0-94+ 0-02 1-0 [ +3-7] 
Pyruvate (dan.) 7-6 1-76+0-03 11-2 
Succinate (dan.) 0-72+0-02 0-7 
No addition 0-87 + 0-02 - 0-4 
Fumarate 0-91+ 0-03 0-2 
Malate (dan.) 0-804 0-02 0-6 
Acetate 0-94+40-01 + 0-5 
No addition 0-75 + 0-03 
Fumarate 0-03 MW 0-78 +0-04 
No addition 0-88 + 0-02 
Fumarate (dan.) 0-91 +0-02 
Malate (dan.) 0-87 +0-02 
Acetate 23 9- 0-92 + 0-02 
No addition _ . 3+ 0-91 +0-02 2-1 
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Fumarate 3-7 88 0-87 +0-02 +2 (+0-3)[ +18] 
Malate 5-$ “6 0-87+0-01 +1-8 (-—0-1) 
Oxaloacetate 5-6 10-5 1-64+0-02 -9-9 +44 
No addition : . “ 0-96 + 0-02 +1:3 +0°8 
(587 wl. CO.) (+74ul. CO,) 
Oxaloacetate 105 6-9 1-51 40-02 —4-4 
(944 ul. CO,) (—257 ul.CO,) 
Oxaloacetate, no (251 wl. CO.) ( — 262 u1.CO,) 0 
tissue 


2-9 


© 


Anaerobic 
Substrate Glucose Q co," Q,° 
No addition + 0 (-0-4?) 
Pyruvate - l- 
No addition 0 (-0-4?) 
Pyruvate 5 (91 yl.) 
Oxaloacetate } 6-2 (310 pl.) 
Oxaloacetate, } — (161 pl.) = 
tissue 
No addition 4 0-0 + 7-4 (379 pl.) i 0 
Oxaloacetate 6-7 (381 pl.) +10-1 (548 pl.) 7-7 (4 - 0 
Oxaloacetate, no — (270 yl.) — (-269 ul.) 0 
tissue 
No addition 0-0 
Pyruvate 1-6 (82 pl.) 
Oxaloacetate 8-7 (393 pl.) 
Oxaloacetate, no — (374 pl.) 
tissue 
No addition 0 (-0-67) + 3-0 
Pyruvate (dan.) 1:0 (59 pl.) + 4-0 (+236 yl.) 
Oxaloacetate (dan.) 8-9 (413 yl.) — ]-1(- 52 pl.) 
Oxaloacetate, no — (300 pl.) — — 300 pl.) 
tissue (dan.) 

(1) Figures in small type are calculated on the basis of initial dry weights. 

(2) Figures in (brackets) under Q ia refer to estimations given wholly or partly by malate. 

(3) Figures in [brackets] give the approximate rate during the initial 18 min. of treatment with gas and 
equilibration before acid was added to the left-hand vessel. They are calculated from the difference between the 
left-hand vessel with no addition and the left-hand vessel with the substrate, in experiments in which no danglers 
were used, i.e. when the substrate was present from the start. 

(4) In experiments marked (dan.) the substrate was added by means of Keilin danglers after treatment with 
gas and equilibration. 

(5) The figures for pl. CO,, given in brackets under R.Q. or Qco,, represent the total respiratory CO, evolution 
during the experimental period. The figures for yl. CO, under Q, represent the total CO, evolved or absorbed 
as the result of acid changes. 
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Table IV. Livers of rats fasted 20-24 hours 


Substrate”) Glucose -Qo,") R.Q.') , Qra?*® 

No addition 17-0 12-8 0-61+0-01 + 2+ + 10 

Lactate : 21-6 15-6 0-77+0-01 “6 -11-8 

Pyruvate 19-1 13-9 1-29+0-01 

Acetate 18-5 13-6 0-71+0-01 

No addition 12-5 9-0 0-34+0-02 

Lactate 13-6 10-7 0-66 + 0-02 

Pyruvate 16-0 12-1 1-19+0-02 

Succinate 13-0 9-9 0-31+0-02 

No addition* - 11-3 0-76+0-02 

Lactate* 12-2 10-8 0-76 + 0-02 

Pyruvate* + 11-1 9- 1-25+0-02 

Succinate* 13-5 11- 0-54+0-01 

No addition 10-1 7: 0-60 + 0-02 

Fumarate (dan.) 10-2 6- 0-60 + 0-02 

Malate (dan.) 9-2 7- 0-55 + 0-02 

Acetate + 9-5 6: 0-66 + 0-02 

No addition 12-6 8: 0-53 + 0-02 

Fumarate 91 7- 0-44+0-03 

No addition 14-2 9 0-57+0-02 

Acetate 148 9- 0-65 + 0-02 

Anaerobic 

Substrate Glucose Qco,” 

No addition ~ 0-1 

Pyruvate - 1-1 

No addition : 0-0 

Pyruvate 1-9 (82 pl.) -71?2 

Oxaloacetate 5°8 (266 pl.) +2-7 [+3] _ 

Oxaloacetate, no tissue — (152 pl.) oa — 

No addition + 0-8 (32 pl.) +0-4 +03 

Pyruvate : 0-3? +1-:7[+11] -0-5? 

Oxaloacetate 4-6 (209 pl.)? +2-1 [+6] — 

Oxaloacetate, no tissue — (281 pl.) — — 


(1), (2), (3), (4) and (5) see Table IIT. 
* Very pale liver giving low figures, probably unhealthy. 
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acetic and «-ketoglutaric acids [Krebs, 1936]. (The succinate would be immedi- 
ately oxidized to fumarate but no further, see below.) This would involve no 
disappearance of acid groups. Possibly a third fraction may be oxidized com- 
pletely to CO, and H,O. In this case again, acid group and lactate disappearance 
would be equal. It is probable that variations in the relative rates of these three 
processes occur so that it is not possible to draw any exact conclusions from the 
Q, values except that a high negative Q, indicates high metabolism of the 
acid. 

Pyruvate. The disappearance of keto-groups (—Q,.,.) is large, showing a 
rapid metabolism of pyruvate. Excess of pyruvate drives the reaction, lactate —= 
pyruvate + 2H, to the left and a considerable increase in lactate is found especially 
during the initial period. The effect on respiration varies and in some cases there 
is a lowering of oxygen uptake which could be accounted for by the fact that 
pyruvate is acting as a hydrogen acceptor in place of oxygen to some extent. 
The very high R.qQ. fits in with this; the R.Q. for oxidation of pyruvate alone is 
1-2 but other substances are apparently also being oxidized with evolution of 
CO, and reduction of pyruvate instead of O,. 

The above considerations of the fate of lactate apply also to pyruvate. 
Benoy & Elliott [1937] found that liver slices synthesize carbohydrate from 





Id. 














METABOLISM OF NORMAL AND TUMOUR TISSUES. III 1009 


pyruvate usually even more rapidly than from lactate. In most cases the 
pyruvate disappearance (—Q\.,.) is nearly accounted for by the sum of the 
lactate formed from it and the acid disappearance. But there is usually a small 
excess of pyruvate disappearing which is probably accounted for as «-keto- 
glutarate and fumarate. 

In anaerobic experiments with added pyruvate, the lactate formation is 
increased especially during the initial period ; this is partly reduction of pyruvate 
but it is partly due to an increased rate of glycolysis, since an increased formation 
of acid groups is also found. The movement of the manometer fluid showed that 
this increased glycolysis occurred chiefly during the first 40 min. of the experi- 
ment. It is known that traces of pyruvic acid stimulate anaerobic glycolysis in 
certain tissues [Mendel e¢ al. 1931; Rosenthal, 1932; Dickens & Greville, 1933, 1}. 
In agreement with the results of Meyerhof e¢ al. [1925], it was found that a slight 
evolution of CO, usually occurs; this may be due to breakdown of pyruvate or 
it may be “respiratory” CO, accompanying oxidations (dismutations) in which 
pyruvate acts as hydrogen acceptor. The latter explanation is more probable. 
Simple decarboxylation of pyruvic acid would yield acetaldehyde but none was 
found on analysing the manometer vessel contents. In special experiments it 
was found that the KOH paper for CO, absorption could have absorbed, in the 
usual time, only a small fraction of any small amounts of aldehyde in the 
medium; separate experiments in which no alkali was introduced showed no 
trace of aldehyde formation. 

Succinate. Succinate is rapidly oxidized by liver tissue but apparently only as 
far as fumarate and malate. The tables show that accompanying an increased 
O, uptake there is a considerable lowering of the R.Q., which is to be expected if 
fumarate and malate are the end products and no CO, is evolved in the oxidation. 
There is no disappearance of acid groups. Previous papers of this series showed 
that with kidney tissue there is a rapid further oxidation causing disappearance 
of acid groups. These effects are better illustrated in a subsequent paper where 
greater concentrations of succinate are used. Using M/100 substrate, the 
succinate is completely oxidized before the end of the experimental period. 

Fumarate and malate. Liver differs sharply from kidney cortex in that 
fumarate and malate do not appear to be oxidized by it. The enzyme fumarase 
is present, since the malate, (Q,,4), increases when fumarate is added and 
decreases when malate is added, showing an equilibrium between these two 
substances. In some cases this equilibrium was found to be nearly reached 
within the preliminary 18 min. of treating with gas and equilibrating the mano- 
meter vessels. But there is no clear effect on the R.Q. nor is there disappearance 
of acid. The oxygen uptake is sometimes unaffected and sometimes decreased. 
It might be thought that the decreased O, uptake is due to fumarate acting as 
hydrogen acceptor and being reduced to succinate, but, in this case, a raised 
R.Q. would be expected, and this is not found. Possibly fumarate has a slight 
toxic effect, but one experiment with a higher concentration of fumarate showed 
no increased effect. 

Oxaloacetate. As was shown in the previous paper, oxaloacetate breaks down 
spontaneously to pyruvate and CO, under the conditions of these experiments. 
Judging from the CO, evolutions found in the anaerobic experiments there may 
be a slight catalysis of this decarboxylation. Since the decomposition of oxalo- 
acetate in neutralized solution is rapid and dependent on the concentration, the 
manometer without tissue was always set up first after neutralizing the substrate 
solution, so that the increased CO, evolution in the presence of tissue is due to the 
tissue and not to a higher oxaloacetate concentration. Allowing for the CO, 
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evolution and acid group removal which decarboxylation involves, the effects in 
aerobic or anaerobic experiments are about the same as with added pyruvate. 
It was found that even on acidifying oxaloacetate solutions a slight steady evolu- 
tion of CO, occurs. Since this slight evolution goes on in the left-hand vessel 
during the experimental period, determinations of CO, evolution with oxalo- 
acetate are rather inaccurate and low, but probably the results with and without 
tissue are affected to the same extent. 

Acetate. Of the acid disappearing when pyruvate and lactate are added to 
liver slices a part is probably oxidized to CO, and water. It has been shown that 
succinate is not an intermediate in this process, since no acid disappears when 
succinate or fumarate is added directly. It is known that pyruvate may be 
oxidized to acetate by biological systems [see e.g. Barron & Miller, 1932], and 
the scheme put forward by Krebs [1936] suggests that acetate is a usual product 
of pyruvate metabolism in animal tissues. It seemed likely that acetate might be 
the intermediate product in the complete oxidation of lactate and pyruvate by 
liver. The experiments with added acetate give support to this idea. It is seen 
that addition of acetate causes a slightly increased O, uptake, the R.Q. is raised, 
and a disappearance of acid groups occurs. 

General remarks. The metabolism of liver tissue is not affected by the presence 
or absence of glucose in the medium, and with all the substrates tried the same 
type of result was obtained in either case. The livers of fasted rats behaved 
qualitatively in the same way as the livers of fed animals. Meyerhof & Lohmann 
[1926] found a still greater increase in respiration with lactate with the livers of 
rats starved 36 hr.; the animals used here were starved 20-24 hr. 

In a forthcoming paper [Elliott & Greig, 1937) it is shown that liver does 
oxidize pyruvate to succinate to some extent, and the above experiments show 
that succinate is readily oxidized to fumarate and malate but that these sub- 
stances are not further oxidized in the liver. In another paper [Benoy & Elliott, 
1937] the synthesis of carbohydrate is studied. 


Brain cortex 


For experiments with four manometers, slices of grey matter were prepared 
from the brains of four rats, all the slices from each brain being dropped into one 
beaker containing Krebs’s medium with O,/CO, mixture bubbling through. For 
each manometer roughly equal amounts of tissue, usually two slices, were taken 
from each of the four beakers. In most of the experiments, with or without 
glucose, the medium in the beakers contained glucose, since decreasing respira- 
tion and irreversible damage to the tissue occur in the absence of glucose. After 
rinsing in Ringer-Locke solution (this was done twice for experiments in the 
absence of glucose), the material for each vessel was drained on perforated porce- 
lain disks over filter-paper and weighed (usually 150-220 mg. moist). For 
experiments with glucose in the medium, the tissue was introduced simul- 
taneously into the left- and right-hand vessels of the manometer to avoid error 
due to glycolysis starting earlier in one vessel than in the other. 

Table V shows the results of experiments with brain tissue. The range within 
which the results agree in duplicate experiments is shown in the first two experi- 
ments. In the next two experiments it is seen that when a very large amount of 
tissue is in the vessels the O, uptake is not diminished, showing that diffusion is 
not limiting the respiration. But when there is a very large amount of tissue 
present the usual small aerobic glycolysis (Q , and Q;,4) appears to be abolished. 
The explanation of this is interesting. In the usual manometric experiment 
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Glu- 


Substrate cose 


No addition 

No addition 
Lactate 

Pyruvate 

No addition 

No addition 
Lactate 

No addition 

No addition 
Lactate 

No addition 

No addition 
Pyruvate 

No addition 

No addition 
Lactate 

Pyruvate 

No addition 
Lactate - 
No addition 
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Table V. Brain 


R.Q. Qn 
0-89 + 0-03 +2-1 
0-90 + 0-03 +2°5 
0-95 + 0-03 —0-1 
1-18+0-04 +0-6 
0-96 + 0-03 +18 
0-93 + 0-02 +1-4 
0-94+0-3 +15 
0-93 + 0-03 +2-2 
0-93+0-01 +0-2 
0-98 +0-03 —1-4 
0-93 + 0-03 2-4 
0-96 40-01? +0-7 
1-22+0-04 +1-8 
0-97 +0-03 +1-6 
0-99 + 0-04 —1-6 
0-95 +0-03 —2-9 
1-22+0-03 —3-0 
0-92+0-03 — 2-6 
0-95 + 0-03 —43 
0-98 40-10 —0-4 
1-03 + 0-04 -3-9 
1-2840-04 —4-1 
1-014 0-08 -1:3 

_ +1-1 
0-95 +0-10 0 
1-3 +0-10 +03 

one 0 
1-06+0-08 —0-8 
0-95 + 0-05 —2-8 
1-01+0-06 —2-1 
0-96 + 0-05 -1-8 
0-95 + 0-02 +23 
0-74+0-02 +2-1 
1-00+ 0-03 +1-2 
0-98 + 0-03 +1-7 
0-95 + 0-08 —0°5 
0-65 40-05 —0-6 
1-00+0-08 —0:8 
0-96 + 0-03 +1-2 
0-97 + 0-03 +0-1 
1-00+0-04 -19 
0-94+ 0-03 —2-4 

p Anaerobic 
Q co.” 
1-0 +1 
2-9 (63 pl.) +1 
1-2 +1 
2-3 (61 yl.) +1 
0 (-1-8?) - 
2-1 oe 
0-2 - 
1-9 ~ 
0-0 + 
3-3 (99 pl.) - 
10-0 (236 yl.) - 
— (157 pl.) 
8-0 (242 yl. +2 


) 
— (165 pl.) 


(1), (2), (3) and (5) see Table III. 
* Respiration permanently damaged by keeping the slices in glucose-free medium before use. 
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Q keto™ 
+0-1 
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—3-9 
—0-2 (187 mg. 
—0-1 (318 mg. 
+0-1[+1-1] 
—0-3 (216 mg. 
— 0-2 (438 mg. 
+0-1[+4-0] 
—0-1 (192 mg. 
—0-1 (403 mg. 
—3-6 

0-0 

0-0 
-0-2 [+3-1] 
-—4-3 
—0-2 

0 [+41] 


+0-2 


+0-1[+1-1] 

+0-2 

+0-2 [+2-3] 

—1-5 

+0-1[+1-0] 

—0-2 

+0-4 [ +2-9] 
0 [+0-3] 

-—0-4[+1-9] 
0 

—0-2 [ +0-8] 
0 [+1-3] 

—0-3 [+2-7] 

—0-2 

+0-1 [ —0-9] 
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0 

— 0-3 [0-2] 
0 
0[+0-7] 


Qua 
+13-3 
+ 21-5 [+12] 
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— 04 
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— 0-6 
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about 20 min. elapse between introducing the tissue and killing it in the left-hand 
vessel at the start of the experimental period. It was usually found that there 
had been an appreciable lactate formation (0-3-0-6 mg.) in the left-hand vessel 
and that the amount in the right-hand experimental vessel was only a little 
larger, corresponding to the small Q, , found. When a large amount of tissue was 
used, the lactate concentration was built up more quickly and the amount in the 
left-hand vessel at the start of the experimental period was higher (0-9, 0-9 mg.) 
and apparently had reached a limiting concentration since no more formed in the 
right-hand vessel during the 90 min. It was found in separate experiments that 
slices of brain produced lactate at a rate of Q ;,, =6-0 and 6-2 in the initial 20 min. 
under the conditions of an ordinary manometric experiment and probably the 
rate was considerably higher in the first few minutes. In the presence of ./25 
dl-lactate no lactate increase in the initial 20 min. was found (Q;,, = +0-6 and 
—2-2). One must conclude that, in the absence of lactate, brain cortex has a 
definitely high aerobic glycolysis and this glycolysis is inhibited by a small 
concentration of lactate as though a reversible reaction were involved. Once the 
lactate has reached a critical concentration, glycolysis proceeds only fast enough 
to replace lactate oxidized. It seems as though the glucose is split to lactate, and 
lactate itself, and not an intermediate product of glycolysis, is oxidized. The 
respiration of brain slices in the presence of lactate alone is just about the same 
as in the presence of glucose alone. Possibly a similar explanation can be applied 
to the observation of Elliott & Baker [1935] who found that lower values for 
aerobic glycolysis of retina were obtained when larger amounts of tissue were 
used. This will be studied in later work. 

Lactate. Unlike liver, brain is very dependent on glucose or other added 
substrate for continuance of its respiration [Loebel, 1925; Dickens & Greville, 
1933, 2]. Lactate and glucose are apparently alternative substrates for brain and 
in the presence of glucose excess lactate addition makes no significant difference 
in the respiration rate or R.Q.; a little of the excess acid may be used up. In the 
absence of glucose, the presence of lactate keeps the respiration rate up to normal 
and the disappearance of lactate and acid groups (also observed by Meyerhof & 
Lohmann [1926]) shows that lactate is being metabolized. Work by Benoy & 
Elliott [1937] has shown that carbohydrate is not synthesized from lactate and 
pyruvate by brain, and Elliott & Greig [1937] find that probably only a small 
amount of succinate is formed. The increased O, uptake and CO, output in the 
absence of glucose indicate that the lactate is being oxidized. The disappearance 
of lactate is not large but it is sufficient to account for the increased respiration 
if most of the lactate is completely oxidized (1 manometric equivalent of lactate 
requires 3 manometric equivalents of O,). It seems probable that in the case of 
brain most of the lactate disappearing is oxidized to CO, and H,O. As with other 
tissues, it is probable that pyruvate is the first product of oxidation [see Peters, 
1936]. In the presence of glucose, a trace of pyruvate (about 0-1 mg.) was always 
found in both vessels and addition of lactate increased the amount only slightly. 
In the absence of glucose, practically no keto-body was found but, with added 
lactate, the keto-concentration in the left-hand vessel, i.e. within the preliminary 
18 min., had reached that usually found in the presence of glucose. 

Pyruvate. In the presence of glucose the main oxidation processes in brain 
tissue seem to be little affected by added pyruvate, but the actual oxygen uptake 
is lowered and the R.Q. is raised owing to pyruvate to some extent replacing 
oxygen as hydrogen acceptor. There is some disappearance of pyruvate (—Q Keto) 
but most of this is simply reduced to lactate, this reduction occurring rapidly 
during the initial period. The acid formation is lowered slightly showing that 
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perhaps a little pyruvate is completely oxidized in place of or in addition to 
glucose and other metabolites. In the absence of glucose, provided that the tissue 
has not been damaged by previous lack of metabolites, added pyruvate maintains 
the oxygen uptake at about the same level as is found with glucose plus pyruvate. 
In this case, while some pyruvate is reduced to lactate during the experimental 
period, quite a large amount disappears as acid indicating probably complete 
oxidation. The R.Q. is raised to about the value expected for pyruvate oxidation. 

The results of anaerobic experiments are similar to those obtained with liver. 
As is well known, brain shows a high anaerobic glycolysis in the presence of 
glucose, and the acid formed is all lactic acid (Q , =@Q,,,). Addition of pyruvate 
increases the glycolysis considerably and its action is evidently catalytic since 
the increased lactate cannot be accounted for by pyruvate disappearance. Most 
of the pyruvate which does disappear, however, is reduced to lactate which 
accounts for the excess of +Q;,, over +@Q, in the presence of pyruvate. There is 
a small evolution of CO, which, as with liver, is probably CO, evolved by the 
oxidations in which pyruvate is acting as hydrogen acceptor. The results in the 
absence of glucose are similar except that there is no glycolysis; the reduction of 
pyruvate to lactate is, as usual, rapid in the initial period. 

Succinate, fumarate and malate. The behaviour of grey matter with these 
substances is very similar to that of liver. Succinate is readily oxidized to 
fumarate and malate, its addition causing a large increase in O, uptake and a 
lowering of the R.Q. Fumarate and malate are interconvertible but there is little 
further oxidation’; small increases in O, uptake and decreases in acid have been 
noticed with added fumarate and malate. The inhibitory effect of fumarate some- 
times observed with liver was not noticed with brain. 


Possibly oxidation of fumarate and malate to oxaloacetate occurs to a very small extent. In 
the presence of all three substrates a trace of extra keto-body usually seemed to be formed in the 
initial period. The amounts were too small for accurate determination. 


Oxaloacetate. Brain slices do not catalyse the decarboxylation of oxalo- 
acetate appreciably since in anaerobic experiments the CO, evolved does not 
exceed the sum of the CO, evolved spontaneously plus that given off when 
pyruvate is present. The pyruvate formed by the breakdown of oxaloacetate 
behaves in the usual way. 

Acetate. Added acetate appears not to be oxidized by brain cortex. There 
was no effect on the O, uptake, the R.Q. was not consistently affected and the 
small increased disappearance of acid groups was all accounted for by dis- 
appearance of traces of lactate apparently introduced with the tissue. 

General remarks. Elliott & Greig [1937] found that whole brain produces a 
little succinate from pyruvate but considerably less than does liver [see also 
Weil-Malherbe, 1937]. As with liver, the succinate formed would be oxidized to 
fumarate and malate and apparently no further. The above results are all com- 
patible with the belief that, in brain cortex, giucose is split to lactate, the lactate 
is oxidized reversibly to pyruvate, and most of the pyruvate is oxidized to CO, 
and H,0, but since acetate is not oxidized, it is not yet possible to suggest what 
are the intermediate steps in the oxidation of pyruvate. Benoy & Elliott [1937] 
found no synthesis of carbohydrate from lactate and pyruvate by brain. 


1 Quastel & Wheatley [1932] made similar observations with mashed whole brain of various 


animals. 
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Glu- 


cose 


-Qo, 
14:1 6-9 
13-0 7-2 
113 7-1 
12-3 7-1 
12-8 7-3 
12:3 7-5 
13-8 7-4 
13-7 7-5 
145 8-5 
14-8 8-8 
13-7 7-7 
12-8 7-5 
1455 8-9 
14-7 8-8 
145 8-2 
13-2 6-5 
15-1 8-1 
12-4 6-7 
14:0 8-0 
14-3 8-0 
15:8 8-8 
16-0 8-1 
15-4 8-8 
13-4 8-3 
143 9-4 
15-2 9-9 
12:7 8-3 
12-7 8-1 
14-3 7-6 
14:5 8-4 

8-4 4:7 

79 4-6 

9-1 4:8 

6-1 3-8 

6-2 3-5 

64 3-4 
17-0 9-4 
17-0 9-1 
10-9 6-2 

48 2-3 
17-4 9-3 
156 8-4 
10-4 5-4 
14:3. 7-3 
16:0 8-8 
13-1 7-2 
13-6 7-8 

63 3-1 

7-1 3-7 

84 3-9 

58 2-7 


Table VI. Testis 


R.Q. 
0-97 +. 0-03 
0-98 + 0-03 


0-98 + 0-03 
1-01 + 0-03 


0-94+ 0-04 
0-97 + 0-02 


0-99 + 0-03 
0-95 + 0-03 
1-01+0-03 
0-98 + 0-02 
1-41+0-03 


1-:00+0-03 
0-98 + 0-02 
0-98 + 0-03 
1-25+0-03 


0-95+0-05 
0-99 + 0-04 
1-39+0-05 
0-94+0-05 


1-06 +: 0-04? 
1-00+0-04 
1-344 0-04 
0-98 + 0-03 


0-95 + 0-03 
0-88 + 0-03 
0-82 + 0-03 
1-17+0-03 
0-98 + 0-04 


0-98 + 0-03 
1-00+0-02 
0-82+0-04 
0-82+0-04 
0-87+0-04 


0-69 +0-08 
0-74+0-08 


0-74+0-08 
0-88 + 0-03 
1-29+0-03 
0-60+0-04 


0-82+0-12 
0-87 +0-03 
1-39 +0-03 
0-61+0-05 


0-91+0-03 
1-05 +0-03 
1-03 + 0-03 


0-75 + 0-08 
0-94+0-06 
0-84+0-06 
0-:76+0-08 


Testis 


For experiments with four manometers, the testes of two or three animals 
were pulled apart into small bunches of tubules, the material from each testis 
being dropped into one small beaker containing Krebs’s medium through which 
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+86 
+73 
+59 
+52 
+83 
+6-7 
+6-6 
+6°8 
+3°8 
+43 
+1-9 


+6-4 
+3°9 
+46 
+31 
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+43 
+34 
+6-0 


4-0 
4-0 
3°5 
2-9 
4-6 
3-9 


+7-02F 
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+2-1 
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+7-2 
+53 
om 
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+45 
+79 
+48 
+1-0 
+1-2 
+0-2 
+10 
+0-7 


+0-6 
-43 
—4-8 
-0°3 


+1-2 
-3-4 
-61 

0-0 


t+ +4+++ 
SD Tas 


t+ 
oom 
oe 





Him Dbo cds 


oe 
owe 


Qra" 2, 3) Q keto 
+ 535 3-5 + 03 
+ 57 3-3 + 0-5 


Usual wt. of tissue 201 mg. moist 
Larger wt. of tissue 375 mg. moist 


+ 7-0 + 0-2 

+ 6-7 + 0-5 

+ 3-7 + 0-6[+1-5] 
+ 3-5 + 0-6 [+2-6] 
+11-8[+24] —- 97 

+ 6-0 + 0-2 

+ 56 + 08 [+1-4] 
+ 43 + 06 [+3-0] 
+11-5[ +25] — 8-2 

+ 8-7 — 0-4 

+ 71 + 08 [+1-3] 
+10-4 [ +27] - 46 

+ 75 — 0-4[+1-9] 
+ 75 + 0-9 

+ 7-4 + 0-7 [+6] 
+12-1 [+33] —11-8 

+ 75 — 0-1[+3-5] 
+ 6-7[4+13] + 03 

+ 1:0? + 0-9 [+1-3] 
— 29 + 05 

+ 9-9[+16] — 1-8? 

+ 71 + 0-4 

+ 6-9 3-6 = 

+ 6:5 3-7 oe 

+ 0-4 + 05 

— 6-2 + 1-1[+3] 
+ 67[+20] -10-2 

(+ 1-7) + 0-6 [+2-4] 
+ 0-9 + 03 

— 48 + 0-3[+4] 
+ 45[+32] — 13-9 

(+ 2-6) — 0-9[+6] 
+ 76 + 0-7 

(+ 8-4) 0[+1-3] 
(+11-2) 0[+1-2] 
(+ 58) — O-1 [+24] 
+ 0-6 — 0-4 

(+ 3-1) — 0-2[+2-5] 
(+ 0-2) — 03 [+2-1] 
+ 05 — 0-1[+0-6] 





Q au. 
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Table VI (cont.) 
Anaerobic 

Substrate Glucose Qco,"” Q,” Qua” Q Keto 
No addition + 0-4 +153 +135 0 
Pyruvate + 6-4 (173 ul.) +13-5 +193 [+21] ~12-5 
Oxaloacetate + 15-6 (415 pl.) + 33 (88 ul.) + 20-2 [ +16] ak 
Oxaloacetate, no + — (312 yl.) — (-310 pl.) —_— adie 
tissue 
No addition - 0-6 +145 +140 — 0-4 
Pyruvate + 4-2 +13-6 +17-2 [+23] ~ 76 
No addition ~ 0-4 + 2-4 + 06 - 01 
Pyruvate _ 7-5 + 08 + 7-8[+22] — 12-2 
No addition - 0-5 + 3-4 + 0-6 — 03 
Pyruvate - 6-9 (177 pl.) + 13 + 5:5[+12] 12-7 
Oxaloacetate - 13-1 (342 pl.) — 9-1 (-239 yl.) 5-3 [+7] “= 
Oxaloacetate, no = — (295 yl.) — (-325 pl.) — lb 
tissue 
No addition - 0-0 + 4:7 + 0-6 0 
Pyruvate - 5-9 (149 yl.) + 2-6 + 7-6[+23] =11-6 
Oxaloacetate - 11-9 (268 jl.) — 51(-114 pl.) + 5:2[+7] 
Oxaloacetate, no — — (219 pl.) — (-194 ul.) — — 


tissue 


(1), (2), (3) and (5) see Table III. 
* Pyruvate 0-01 M, i.e. half usual concentration. 


Probably error in h, reading giving too high r.q. and too low Q,. 
y 1 ee g s A 


O,/CO, mixture was bubbling. For each manometer vessel roughly equal amounts 
of tissue were taken from each of the beakers; the tissue was treated in the usual 
way, i.e. rinsed in Ringer-Locke solution, drained on filter-paper and weighed 
rapidly (200-300 mg.). 

The first experiments in Table VI show the range of variation to be expected 
in duplicate experiments. 

The metabolism of testis is similar to that of brain in that they both show high 
anaerobic glycolysis [Warburg, 1927] and their respiration is very dependent on 
the presence of glucose or other substrate [Dickens & Greville, 1933, 2]. But 
testis differs from brain and the other normal tissues studied in three respects. 
First, as was observed by Warburg ef al. [1924] testis shows a fairly high aerobic 
glycolysis. This aerobic glycolysis occurs steadily though the rate during the 
initial period often appears higher than during the experimental period. The 
glycolysis is not inhibited by added lactate. Secondly, testis carries on a con- 
siderable metabolism of pyruvate under anaerobic conditions. Thirdly, testis 
differs from other tissues in forming, in anaerobic experiments without glucose, 
a considerable amount of acid which is not lactic acid. The nature and source 
of this acid cannot yet be suggested. 

The behaviour of testis with the substrates under consideration is shown in 
Table VI and described in the following paragraphs. 

Lactate. Lactate is quite rapidly oxidized by testis. Even in the presence of 
glucose excess lactate causes some increase in O, uptake, although the tissue 
normally, under our experimental conditions, produces lactic acid faster than it 
can use it, i.e. it has a considerable aerobic glycolysis. In fact accumulation of 
lactate (+@,,,) continues in spite of excess lactate present and the increased rate 
of oxidation. In the absence of glucose, addition of lactate increases the O, 
uptake above that found with glucose alone; there is a rise in the R.Q. and a 
disappearance of lactate. It is probable that, as in other tissues, the first 


immediate oxidation product is pyruvate; there is usually a slight increase in 
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keto-bodies especially during the initial period of treatment with gas and equili- 
bration. Benoy & Elliott [1937] find no synthesis of carbohydrate from lactate 
and pyruvate by testis so that the acid disappearing in the absence of glucose is 
probably all oxidized. Since in the absence of glucose more lactate than acid 
groups disappear (—Q;,>—Q,) it seems that acid intermediate oxidation 
products accumulate in these experiments. On the other hand, in the presence 
of glucose the total lactate and acid groups increase faster than they are oxidized, 
but more increase of lactate is found than of acid groups. It seems as if in the 
presence of glucose more intermediate acid substances in the tissue are oxidized 
away, or possibly lactate plus glucose stimulates protein metabolism so that NH, 
is produced! and neutralizes some of the lactate. 

Pyruvate. Pyruvate is rapidly metabolized by testis. In the absence of 
glucose, addition of pyruvate increases the oxygen uptake considerably; in the 
presence of glucose, the actual O, uptake remains about the same but the 
oxidation processes are probably increased since pyruvate acts as a hydrogen 
acceptor in addition to oxygen. In both cases there is increased lactate formation 
due to reduction of pyruvate. As with other tissues, a higher R.Q. is found than 
corresponds to the complete oxidation of pyruvic acid, owing to the pyruvate 
acting as a hydrogen acceptor. There is usually a Jarge disappearance of 
pyruvate; part of this appears as lactate and acid disappearance corresponds 
approximately to the remainder, which is probably oxidized to CO, and water. 

In anaerobic experiments with testis and pyruvate there is a considerable 
evolution of CO,. In this respect testis differs strikingly from any tissue we have 
yet studied. This CO, evolution does not seem to be due to a simple decarboxy- 
lation of pyruvic acid to acetaldehyde and CO, since this would involve a dis- 
appearance of acid groups equivalent to the CO, evolved, and this is not observed. 
Also no acetaldehyde formation could be detected either manometrically by 
cooling the vessels below 20° or analytically. (In testing for aldehyde formation 
no alkali was introduced into the vessels.) It seemed possible that the following 
reactions might take place. 

CH,.CO.CO,H =CH,.CHO+CO, (1). 
CH,.CHO+ H,O+CH,;.CO.CO,H =CH,.CO,H +CH,;.CHOH.CO,H (2). 
2CH,.CO.CO,H + H,O=CH,.CHOH .CO,H +CH,.CO,H+CO, (3). 


That is to say, pyruvic acid is decarboxylated to yield CO, and acetaldehyde (1) 
and the aldehyde then undergoes a dismutation with unchanged pyruvic acid 
yielding lactic and acetic acids (2). However, experiments failed to support this 
hypothesis. Testis was incubated anaerobically under the conditions of a mano- 
metric experiment with added pyruvate and acetaldehyde (7/30). No increase in 
lactic acid? over controls with pyruvate only was observed. It may be that 


1 In general it is unlikely that NH, production seriously obscures the figure for Q 4. Meyerhof 
et al. [1925] found that liver slices without added amino-acid formed NH, at a rate corresponding to 
Qyxu,=0-17, 0-13, 0-46. Dickens & Greville [1933, 3] obtained similar comparatively low figures 
with liver and testis, and with brain Loebel [1925] found values equivalent to Q yy, =0-42-0-96, and 
since these values were only slightly affected by the addition of oxidizable substrates, comparisons 
of Q, values would not be affected. 

2 When mixtures of pyruvate and acetaldehyde are analysed a slight amount of “lactate”’ is 
always found. It is not known whether lactate is actually produced or whether pyruvate prevents 
the aldehyde from being completely removed in the preliminary distillation. Neither pyruvate 
nor acetaldehyde alone gives the effect. In the above experiments there was thus found a trace 
more lactate than in the controls, but the extra “lactate”? was no more than that found in an 
estimation of lactate on a mixture of pyruvate and aldehyde without tissue. 
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“nascent” acetaldehyde reacts with pyruvate, but for the present equation (3) 
which integrates (1) and (2) may represent events occurring without any assump- 
tion as to intermediate steps. According to equation (3) a dismutation between 
two molecules of pyruvic acid produces one molecule each of lactic and acetic acids 
and of CO,. For two equivalents of pyruvate disappearing, one equivalent each 
of lactate and CO, should be found but no change in the number of acid groups. 
This is approximately what was observed. There is a little less acid formed in the 
presence of pyruvate than without and it is hard to tell whether this means that 
some of the pyruvic acid has disappeared as acid or if the normal acid formation 
has been partly inhibited. It is thus impossible to interpret the results in detail. 

The same reaction, occurring at a much lower rate, possibly accounts for the 
small CO, evolutions with liver, brain, kidney and tumour in anaerobic experi- 
ments with pyruvate (see tables above and in Elliott et al. [1935)). 

Succinate. As with other normal tissues, succinate is rapidly oxidized; its 
addition causes a large increase in O, uptake, especially in the absence of glucose, 
and a lowering of the R.Q. On comparing succinate experiments with corre- 
sponding normals, it is seen that there is a slight removal of acid groups though 
the effect is very small compared with the acid removal by kidney. Most of the 
succinate is oxidized no further than fumarate and malate. 

Fumarate and malate. As with all other tissues tried, fumarate and malate 
form an equilibrium mixture in the presence of testis. It is possible that they 
are oxidized slightly, since small increases in O, uptake and slight decreases 
in acid formation have been observed. 

Oxaloacetate. Testis does not catalyse the decarboxylation of oxaloacetate, 
since in anaerobic experiments the total CO, evolved does not exceed the sum of 
the CO, evolved spontaneously plus that given off when pyruvate is present. 
The pyruvate formed by the breakdown of oxaloacetate behaves in the usual way. 

Acetate. In the presence of glucose addition of acetate often caused a small 
increase in the O, uptake and always a decrease in acid formation, while in the 
absence of glucose there was no increase in O, uptake or disappearance of acid. 
It seems that acetate oxidation occurs slowly in testis and it is dependent on 
simultaneous carbohydrate oxidation; the acetate probably interacts with inter- 
mediate products of carbohydrate metabolism. 

General remarks. Elliott & Greig [1937] found that testis produces a slight 
amount of succinate from pyruvate. This succinate would be oxidized to fumarate 
and malate, and the further oxidation of these substances might occur slowly. 


A slight amount of extra keto-body was usually formed in the initial period when succinate, 
fumarate, malate or acetate was present. Since the amounts were very small, 0-02-0-12 mg., the 
figures in [brackets] in Table VI are only approximate. Possibly a trace of oxaloacetate or other 
keto-body is formed by further oxidation of these substances. 


No conclusion can be drawn from these experiments as to the main inter- 
mediate steps in the oxidation of pyruvate. Acetate is apparently not an 
essential intermediate since the oxidation of pyruvate, but not of acetate, con- 


tinues in the absence of glucose. 


Discussion 


The chief point that emerges from the work described in this series of papers 
is that the fate of added lactic and pyruvic acids varies strikingly from tissue to 
tissue. The results of these papers may be summarized in the following diagrams, 
which show qualitatively reactions occurring in the various tissues. It is not 
suggested that the diagrams represent all the events occurring nor is it possible 
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to estimate strictly the relative rates of the various reactions. However in the 
diagrams reactions which are known to proceed rapidly are marked —, those 
which proceed slowly —-—-->, and those which proceed only slightly if at all 
—--. In addition, reactions which are presumed but not proved are 
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Anaerobically 2 Pyruvate > Lactate + Acetate + CO, 
(This reaction probably occurs to a small extent 
also in the other tissues.) 











marked —>. No attempt is made to show intermediate steps such as those 
which must occur between pyruvate and carbohydrate or between pyruvate and 
succinate.! Meyerhof et al. [1925] have suggested equations for the synthesis of 

1 In following papers the work on carbohydrate synthesis and succinate production will be 
reported. 
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carbohydrate in liver slices, and an interesting scheme for the production of 
succinate has recently been put forward by Krebs [1936]. 

The most striking difference between all the normal tissues and the two 
tumour tissues studied [Elliott e¢ al. 1935] is the failure of succinic acid oxidation 
in the latter. This point is being studied further. 

Another point which needs closer study is the observation that during the 
first few minutes after introducing tissue into the medium a rapid aerobic 
glycolysis occurs with liver' and brain. Testis shows a continued aerobic glyco- 
lysis; according to Gyorgy et al. [1928] and Dickens & Weil-Malherbe [1936] the 
same is true for kidney medulla, and the aerobic glycolysis of retina and tumour 
tissue is well known. It seems that under certain conditions aerobic glycolysis 
is a common property of normal and tumour tissues. We have tested kidney 
cortex and we find that in this tissue there is only a very low initial aerobic 
glycolysis (Q?3 = +0-6, +0-9). 

Testis is the only tissue tried in which a considerable metabolism of pyruvate 
occurs under anaerobic conditions. The results did not indicate a simple 
decarboxylation of pyruvic acid, but rather a dismutation between two molecules 
of pyruvate yielding a molecule each of lactate, acetate and CO,. In liver, brain, 
kidney and tumour tissues a slight anaerobic CO, evolution was observed when 
pyruvate was added, and possibly a similar dismutation occurs to a small extent 
in all tissues, or the CO, may be evolved as a result of other oxidations in which 
pyruvate replaces oxygen as hydrogen acceptor. In all the tissues, reduction of 
a fraction of the excess pyruvate to lactate occurs even aerobically ; since pyruvate 
thus acts as a hydrogen acceptor and lactate is readily reoxidized in most tissues, 
the lactate-pyruvate system may serve a function asa hydrogen transporting agent. 

Conclusions drawn from many of the results of these papers are subject to the 
criticism that the experimental conditions do not exactly reproduce the condi- 
tions of the tissues within the living organism: particularly can this criticism be 
applied to the method of adding excess of the substrate. Nevertheless, the results 
do show reactions which are likely to occur in vivo, and that there are marked 
differences in the potentialities of the different tissues. The results indicate that 
fumarate and malate might accumulate in liver, and possibly to a less extent in 
other tissues, since these substances are formed but apparently are not broken 
down; further work is necessary to discover whether these substances are 
normally removed by the circulation or whether under truly physiological con- 
ditions they can be broken down by liver. Green [1936] actually finds a con- 
siderably larger amount of malic dehydrogenase in extracts from brain and liver 
than from kidney. In his tests coenzyme I and a carrier (methylene blue) were 
added and it may be thought that coenzyme or a suitable carrier is lacking in 
liver, brain and testis, or lost by diffusion from the slices. But this seems un- 
likely since lactate is readily oxidized by slices of these tissues and lactic dehydro- 
genase also requires coenzyme I and a carrier. However, experiments to test the 
possibility will be tried shortly. 

SUMMARY 

1. Following the methods of Elliott & Schroeder [1934] and Elliott e¢ al. 
[1935] a study has been made of the metabolism of lactic and pyruvic acids and 
of various other compounds by rat liver, brain cortex and testis. The previous 
papers showed that in kidney cortex lactate is oxidized to pyruvate and that 
the pyruvate is removed largely by a cycle of reactions involving the suc- 
cessive formation of succinate, fumarate, malate, oxaloacetate and pyruvate 

1 With liver this occurs at the expense of glycogen in the tissue and is independent of glucose 
in the medium; the other tissues mentioned split glucose present in the medium. 
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in half the original amount. In two types of tumour tissue, it was found that this 
cycle of reactions does not occur and mechanisms for catalysing the oxidation of 
lactate, succinate and malate were lacking. In the present paper it is shown that 
each tissue tried catalyses a different set of reactions, and that only in kidney 
tissue does the above-mentioned cycle of reactions occur to any extent. 

2. In liver tissue lactate, pyruvate and acetate are oxidized. Succinate is 
oxidized to fumarate, and as in all tissues studied, fumarate is partly converted 
into malate, but no appreciable further oxidation occurs. 

3. In brain grey matter, lactate and pyruvate are oxidized. Succinate is 
oxidized to fumarate and malate, and these substances are further oxidized to 
a small extent. Acetate is not appreciably oxidized. 

4. In testis lactate and pyruvate are oxidized. Succinate is oxidized to 
fumarate and malate and these substances are possibly oxidized to a slight extent 
further. Acetate appeared to be oxidized slowly in the presence of glucose but 
not in its absence. 

As is well known, testis shows a high anaerobic and a considerable aerobic 
glycolysis. It was noticed that under anaerobic conditions in the absence of 
glucose, testis produces some acid which is not lactic acid. 

5. Under anaerobic conditions, testis is the only tissue tried in which a con- 
siderable metabolism of pyruvate occurs. The results did not indicate a simple 
decarboxylation of pyruvic acid, but rather a dismutation between two molecules 
of pyruvate yielding a molecule each of lactate, acetate and CO,. In liver and 
brain and in kidney and tumours [Elliott et al. 1935] only a slight CO, evolution 
was observed. 

6. It was found that liver and brain slices show a rapid aerobic glycolysis 
during the first few minutes after introduction into fresh medium. It is pointed 
out that high aerobic glycolysis is a property not only of tumours, but also of 
many normal tissues under certain conditions. 

7. The results of experiments reported in this paper and in papers to appear 
shortly are summarized in a series of diagrams. 
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INTRODUCTION AND Discussion 


In previous papers [Elliott & Schroeder, 1934; Elliott e¢ al. 1935], it was sug- 
gested that the oxidative removal of pyruvate by kidney cortex takes place to a 
large extent by a cyclic series of reactions involving the successive formation of 
succinate, fumarate, malate, oxaloacetate and pyruvate again in half the 
original amount. Direct evidence was adduced for each step except for the 
formation of succinate from pyruvate. The work reported in the present paper 
proves, by isolation and estimations, that succinate is formed from pyruvate to 
a considerable extent in rat kidney cortex under conditions similar to those in 
manometric experiments. In other tissues in which the above cycle scarcely 
occurs [Elliott et al. 1937], the formation of succinate from pyruvate is con- 
siderably smaller or negligible. 

Since, in the normal tissue, active metabolism would prevent the accumula- 
tion of succinate, use has been made of the fact that malonate inhibits the 
further oxidation of succinate without affecting other enzymes concerned in the 
reaction cycle [Quastel & Wooldridge, 1928; Quastel & Wheatley, 1931]. Large 
amounts of tissue were used but as far as possible the conditions during the 
experimental period were the same as those in the vessels in manometric 
experiments [Elliott & Schroeder, 1934]. For the separation and identification 
of succinic acid, the method of Moyle [1924] has been used, with some modifica- 
tions. For the estimation, the manometric method using succinic oxidase already 
applied by Gézsy [1935] has been used. 

The steps by which pyruvic acid is converted into succinic acid are not yet 
definitely known. In the case of muscle [Toenniessen & Brinkman, 1930] diketo- 
adipic acid was suggested as a hypothetical intermediate compound. This 
substance has not yet been isolated or synthesized [see e.g. Sutter, 1932]. 
Acetic acid has been suggested as an intermediate but this is unlikely since 
acetic acid is considerably more slowly removed by kidney cortex than either 
pyruvic or succinic acid [Elliott et al. 1935]. Nevertheless some experiments 
were made with acetate, since it is of interest to know whether this product of 
fat metabolism can be converted into succinate and so join the stream of 
carbohydrate metabolism. With kidney and liver there was a definite but small 
production of succinate from acetate; but with brain, testis and tumours, the 
amount formed was smaller and less definite. 

( 1021 ) 642 
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It was of interest to obtain further evidence for the cycle of reactions in 
kidney by showing that another substance produced in the cycle could also 
give succinic acid. In experiments with malate and kidney cortex, large amounts 
of succinate were indeed produced. In fact, actually more succinate was pro- 
duced from malate than from pyruvate. One must assume, therefore, that, while 
part of the succinate formation occurs after preliminary conversion of the malate 
into pyruvate, another part is produced by some other mechanism. It is possible 
that a fraction of the malate is oxidized to oxaloacetate and that this is “‘over- 
reduced” to succinic acid by certain dismutations with other metabolites, in 
accordance with the theory proposed by Szent-Gyérgyi [1935] for pigeon muscle 
metabolism. Added evidence for this possibility was obtained in one experiment 
with oxaloacetate (a rather old sample of previously pure material); succinate 
was formed considerably more rapidly than with pyruvate. With liver, brain, 
testis, and tumours, the production of succinate from malate is considerably 
smaller; this is to be expected since the cycle of reactions characteristic of 
kidney scarcely occurs in these tissues, and very little pyruvate would be formed 
from malate. 

Under anaerobic conditions the succinate formation in kidney cortex is con- 
siderably smaller than under aerobic conditions; the oxidations concerned in the 
formation of succinate, therefore, take place largely at the expense of molecular 
oxygen, and dismutations with other molecules account for only a small fraction. 

In the presence of malonate alone, without added substrate, appreciable 
amounts of succinate are formed in all the tissues studied. Evidently the tissues 
can all form some succinate from metabolites already present in them. 

In order to observe directly the effect of malonate on the oxidation of 
succinate and other substrates in the tissue slices, a few manometric experiments 


combined with analyses were done. Under the experimental conditions, 
malonate seems to cause almost complete inhibition of succinate oxidation by 
tissue slices, and, as a result, the cycle of reactions in kidney is blocked and there 
is a large decrease in the amount of pyruvic (or malic) acid metabolized. Some 
pyruvate is removed, and the manometric results indicate an accumulation of 
succinate in about the amount isolated in the large scale experiments. 


EXPERIMENTAL 
Rat kidney cortex 


Experiment 1. Typical experiment. Slices were prepared in the usual way 
from the cortex of 72 rat kidneys. Batches of about 9 rats were killed at a time 
and the kidneys were sliced as rapidly as possible by two workers, the slices 
being dropped into Krebs’s medium through which O,/CO, gas mixture was 
bubbling at room temperature. Four 150 ml. Erlenmeyer flasks marked A, B, 
C and D, and containing respectively 45, 50, 50, and 55 ml. Krebs’s medium 
were weighed. In order to avoid complicating the issue by the presence of break- 
down products of glucose, glucose was left out of the medium in all the experi- 
ments reported in this paper. The tissue slices were rinsed in Ringer-Locke 
solution, drained on filter-papers and distributed equally among the four flasks. 
The flasks were again weighed to determine the moist weight of tissue intro- 
duced. To flask A, 5 ml. each of neutralized solutions of pyruvic acid (104 mg.) 
and malonic acid (120 mg.) were added, making final concentrations of approxi- 
mately 0-02 M pyruvate and 0-02 M malonate. To flasks B, C and D and two 
further flasks, X and Z, which contained no tissue, the additions shown in 
Table I were made. Each flask was fitted with a rubber stopper through which 
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passed an inlet tube ending near the bottom of the flask and an outlet tube 
ending below the surface of the bath water. The flasks were all fixed in a water- 
bath at 38° and shaken for 90 min. with a gentle stream of O,/CO, gas mixture 
passing steadily through the solution. At the end of this experimental period, 
6 ml. of 3N HCl were added to each flask and shaking was continued for 10 min. 
Additions were then made to the control flasks, B, C and D, so that the conditions 
for the subsequent extraction should be the same in all cases, and to flask Z 
5 ml. of a solution containing 12-5 mg. succinic acid were added in order to test 
the recovery of succinic acid to be expected from the extraction. 

Extraction of succinic acid. The method used was essentially that of Moyle 
[1924]. The fluid in each flask was decanted from the tissue, and the slices were 
washed, dried at 100-110° and weighed. The fluid and wash water were joined, 
saturated with ammonium sulphate and filtered, the filter-paper being washed 
with a little saturated ammonium sulphate solution. One-tenth of a volume of 
concentrated sulphuric acid was added and the solution was extracted thoroughly 
with ether, using a Friedrichs continuous extractor for 5-6 hr. Separate experi- 
ments using the same apparatus with known amounts of succinic acid in the 
same kind of solution had shown that about 73% of the succinic acid was 
extracted in 1} hr., 97% in 4 hr. About 15 ml. water were added to the ether, and 
the ether was distilled off. The solution was washed into a basin on a boiling 
water-bath, 3 ml. conc. H,SO, were added, and KMnQ,, approximately M/10 
solution, was added at intervals until a permanent brown precipitate remained, 
the solution being then evaporated to a small volume; between 3C and 50 ml. 
KMn0, were required. In order to make sure that all malonate was decomposed 
and any acetate removed, the solution was diluted again and re-evaporated to a 
small volume, 5-10 ml., in the presence of the brown precipitate. The solution 
was diluted, filtered, saturated with (NH,),SO, and about 130 ml. of saturated 
(NH,).SO, and 10 ml. cone. H,SO, were added in order to have a volume suitable 
for the continuous extraction apparatus. The solution was again thoroughly 
extracted in the continuous extractor, this time using sodium-dried ether. 
After removing the ether the solution was made slightly alkaline with dilute 
NaOH and evaporated to dryness. The residue was redissolved, filtered from 
some insoluble residue and again evaporated and redissolved. It was filtered, 
evaporated to about 4 ml. in a small glass basin, acidified with dilute HNO,, 
1 ml. of 10% AgNO, was added and the solution was made slightly alkaline with 
1% NH, solution (litmus paper). The mixture was warmed and allowed to stand 
overnight. The precipitate was collected on a Gooch crucible, washed 3 times 
with 5 ml. of 0-5°% NH,NO, and once with water, dried at 110° and weighed. 
In some cases the percentage of silver in the precipitate was estimated by dis- 
solving it in hot nitric acid (1 to 4), titrating the solution with 0-01 M KCNS and 
redrying and weighing the crucible. In other cases the asbestos and precipitate 
were broken up in water, and the mixture treated with H,S and vigorously 
shaken for an hour in a shaking machine. The solution was filtered and evapor- 
ated repeatedly until it gave a clear solution, and finally the solid was dried at 
110°, weighed and the m.P. and that of a mixture with an equal amount of pure 
succinic acid determined. 

Table I summarizes the above experiment and the results obtained. 

The recovery of succinic acid by the method used was satisfactory (81%, 
flask Z) and it is seen that in the presence of pyruvate and malonate a con- 
siderable amount of substance which is clearly succinic acid was formed. The 
M.P. and mixed M.P. confirm this. In this experiment the percentage of silver 
found was low with both the substance from A (61°) and the known succinate 
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Table I. Experiment 1. Rat kidney cortex 










A B Cc D xX Z 

Pyruvate + No Reagents Recovery 

malonate Malonate Pyruvate addition control control 
Tissue 2-7g.(494mg.dry) 2:8 g. (449 2-5 g. (454 2-5 g. (457 _ 

mg. dry) mg. dry) mg. dry) 
Krebs’s medium 45 ml. 50 ml. 50 ml. 55 ml. 50 ml. 50 ml. 
Pyruvate (in 5 ml. (104 mg.) o 5 ml. = 5 ml. 5 ml. 
Krebs’s medium) 

Malonate (in 5 ml. (120 mg.) 5 ml. -— 5 ml. 5 ml. 






Krebs’s medium) 


Shaken 90 min. at 38° while treated with O,/CO, mixture. Added to all 6 ml. 3 N HCl and the 
following further additions 



















Pyruvate aa 5 ml. — 5 ml. _ — 
Malonate _- _ 5 ml. 5 ml. — - 
Succinic acid — — —_ — —_ 5 ml. (125 
solution mg.) 
Extracted as described in text 
On adding AgNO, Large white ppt. Faint ppt. No ppt. No ppt. No ppt. Large white 
ppt. 
On warming Darkened Small dark Small dark Small dark Small dark Darkened 
ppt. ppt. ppt. ppt. somewhat 
Wt. of dried ppt. 41-4 mg. 11-0 mg. 13-7 mg. 21-0 mg. 5-8 mg. 37-2 mg. 
Dissolved in HNO, a Found 8-2 mg. oo Found 17:2 Found 5-2 _ 
and titrated with Ag whence, mg.Ag;at mg. Ag 
M/100 KCNS at most 2-8 most 3:8 
mg. succinic mg. suc- 
acid cinie acid 
Removed Ag by Obtained 9-8 mg. — Obtained — _ Obtained 
H,S and isolated white crystals 4:3 mg. 11-7 mg. 
solid acid M.P. 175-176°. dirty solid white 
Mixed with pure crystals 
succinic acid, M.P. 180° 
M.P. 178° 
Redissolved and White ppt. going _ Faint black — _ White ppt. 
reprecipitated grey, 12-2 mg. ppt. 0-4mg. going grey, 
with AgNO, Found 61-:1%? 19 mg. 
Ag Found 







63-1% 2g 







from Z (63%). In other experiments the Ag content was closer to 65%, the 
theoretical value for pure silver succinate. The extract from B gave only a 
slight precipitate, and the extract from the other controls gave none immediately 
after adding AgNO,, but in all cases after warming a certain amount of black 
precipitate appeared which contained in B 75%, in D 82% and in E 90% of Ag, 
so that the precipitate was clearly not all Ag succinate. It probably consisted of 
some reduced silver and Ag salts of traces of succinic and other acids derived 
from the tissue. Subtracting the total silver found from the weight of the 
precipitate gives the upper limit of the amount of succinic acid present and this 
was always considerably less than that found in the experimental flask A. 













Experiment 2. This was an experiment similar to Exp. 1. Flasks A (pyruvate + malonate) and 
C (pyruvate alone) were set up as before. The tissue in a flask H (‘‘initial control’’) was killed by 
adding acid immediately after the pyruvate and malonate were added. When AgNO, was added 
to the final extracts, A gave a large white precipitate and C and E£ gave none; on warming, some 
black material was deposited in all. The silver was removed by treatment with H,S, and the free 
acid obtained again treated with AgNO,. From C and £, only 0-2 and 0-3 mg. of a black spongy 
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precipitate appeared. From 4A, 6-1 mg. of precipitate containing 64-0% Ag were obtained. (The 
yield from A was smaller in this experiment since only 300 mg. dry tissue were used, the ether 
extractions were made in a separating funnel and were less thorough, and the H,S treatment was 
not thorough enough to liberate all the acid from the Ag salt precipitate.) 

Experiment 3. Flasks A (pyruvate + malonate, 480 mg. dry tissue) and B (malonate, 430 mg. 
dry tissue) were set up as in Exp. 1, and a flask F (“end recovery control’) received tissue (460 mg. 
dry), but no addition until the end of the experimental period, when acid, pyruvate, malonate and 
known succinic acid (12-5 mg.) solutions were added. Silver precipitates which darkened on 
warming as usual were obtained, weighing, A, 43-8 mg., B, 13-8 mg., F, 43-8 mg. The precipitate 
from B contained 77-5% Ag so that it could have contained not more than 2-1 mg. succinic acid. 
The precipitates from A and F were treated with H,S (but not exhaustively enough to obtain a 
good yield of the free acid) and the free acid obtained weighed 6-9 and 7-9 mg. respectively and the 
melting-points were 177° and 178-9°. That from A, mixed with pure succinic acid had M.P. 178°. 
On reprecipitation with AgNO,, the precipitates obtained contained 63-1 and 64% Ag re- 
spectively. 

Experiment 4. Four flasks, A, B, P and Q, were set up with 388, 365, 377 and 363 mg. dry 
weight of tissue. A and B had the same additions as before, P contained 0-01 M I-malate (67 mg.) 
and malonate, Q contained malate only. A fifth flask, Y, contained malate and malonate but no 
tissue. The experiment was carried out in the usual way, and the succinate formed was estimated 
on aliquots of the extract by the manometric method described below. The remainder of the 
solutions were evaporated to dryness, redissolved, filtered and after evaporation to a small 
volume (2 ml.) were treated with 0-5 ml. 10% AgNO, in the usual way. Precipitates were obtained 
as follows: A large, B slight, P very large, Q small, Y none. The precipitate from A was found to 
contain 64-5% Ag. The precipitate from P was treated with H,S and the free acid obtained 
(8-2 mg.) melted at 182° and a mixture with pure succinic acid melted at 185°. 


The above experiments show that with kidney tissue in the presence of 
pyruvate and malonate there is a definite accumulation of succinate. In the 
absence of pyruvate, or in the absence of malonate to inhibit the further 
oxidation of succinate, very little succinate, if any, is formed. That the sub- 
stance isolated is succinic acid is confirmed by the method of isolation, the M.P. 
and mixed m.P. with pure succinic acid (Exps. 1 and 3), and the percentage silver 
in the silver salt. The amount isolated was too small for thorough purification 
so that except for Exp. 4 (64-5 %) the percentage silver found was low (theoretical 
65%), but succinate after passing through the isolation process also gave low 
values. M.P. and mixed m.P. determinations clearly indicate that the substance 
produced from malate is also succinic acid (Exp. 4). The oxygen uptake with 
succinic oxidase, described below, and the inhibition of this by malonate add 
final confirmation that the product obtained from both pyruvate and malate is 
succinate. 

Comparing the weight of the first Ag precipitate from the flasks A in Exps. 1 
and 3 with those from flasks Z and E (the recovery controls with known amounts 
of succinate), the succinic acid formed might be estimated as approximately 
12-5 mg. in each case, i.e. about 25 mg. per g. dry weight of tissue. But in order 
to obtain more quantitative data, the method of succinic acid estimation used 
by Gézsy [1935] was modified for this purpose. In this method the amount of 
succinic acid in a solution is estimated manometrically by determining the volume 
of oxygen which is taken up when the succinate is oxidized to fumarate under 
the influence of the succinic oxidase. Experiments were carried out exactly as 
for Exp. 1 as far as the removal of ether after the second ether extraction. The 
solution was evaporated to a small volume, neutralized to litmus and made up 
to 10 ml. in a volumetric flask. Toluene was added and the solution kept in a 
refrigerator until the determination was to be made. 

Estimation of succinic acid. The succinic oxidase was prepared from sheep 
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hearts by the method of Ogsten & Green [1935].1_ Though their method was 
followed exactly, the yield of enzyme precipitate was often small and frequently 
the activity was very low and fell off rapidly at 38°. Better preparations were 
usually obtained when the heart tissue was allowed to autolyse to some extent 
by warming the intact or minced tissue to 25-30° for some time. In very hot 
weather, however, it was necessary to cool the tap water, used in washing the 
mince, to 10—-15°, otherwise most of the enzyme was lost from the mince. The 
washed mince was ground in a ball mill for an hour or more and the enzyme 
precipitated from the extract by adjusting the pH to 4-6 with acetic acid, using 
a glass electrode. The enzyme precipitate was suspended in 1/10 phosphate 
buffer, pH 7-3, toluene was added, and it was kept in the ice-box. The enzymic 
activity of the suspension was tested and buffer was added, if necessary, so that 
1 ml. of diluted suspension in 3 ml. of medium containing 6 mg. of succinic acid 
would take up about 15-25 pl. O, in 5 min. at 38°. 

Simple Barcroft differential manometers were used for the estimations. To 
the left-hand vessel, 2 ml. of H,O were added and, to the right-hand vessel, 
0-5-2 ml. of the solution to be analysed and water to bring the volume to 2 ml. 
A small amount of the enzyme suspension was warmed for about 2 min. in a test- 
tube in the water-bath and at the same time the manometer vessels and their 
contents were warmed. At zero time, 1 ml. of the suspension was introduced 
into both vessels using a warmed pipette, the vessels were rapidly connected to 
the manometer, placed in the bath at 38° and shaking started with the mano- 
meter taps open. After 6 min. the taps were closed and readings started. The 
oxygen uptake was plotted against time and the curve extrapolated back from 
the time of closing the taps to zero time, in order to find the total oxygen uptake. 
The reaction was usually complete and the manometer reading constant after 
50-60 min. 

It would have been more convenient to avoid the need for extrapolation by 
using vessels with side bulbs and introducing the enzyme from these at zero 
time after closing the taps. But it was found that a considerable time, at least 
15 min., is necessary to establish temperature equilibrium with 1 ml. of fluid in 
the side bulbs, and the enzyme is quite rapidly inactivated at 38° in the absence 
of substrate. 

In a few cases, a slow continuous movement of the manometer fluid occurred after it was 
obvious that all succinate had been oxidized; in these cases the final slope of the curve was 
extrapolated back to zero time and the intersection with the zero axis was taken as the true O, 
uptake. The few corrections that had to be made in this way were never large enough to affect the 
conclusions drawn from the results. It is not known what caused this occasional slow extra O, 
uptake. 

In most cases the enzyme in the right-hand vessel was tested for activity at 
the end of a determination in order to make sure that some activity remained, 
that is, that the cessation of O, uptake was due to the complete oxidation of 
succinate and not to destruction of the enzyme. In many experiments, known 
amounts of succinate were added to the enzyme plus extract in order to make 
sure that the expected O, uptake occurred and that no inhibiting substance, such 
as malonate, was present in the extract. No such inhibitor was found provided 
that the KMnO, treatment in the extraction was thorough. 

In cases where appreciable oxygen uptake occurred, confirmation of the 
belief that this was due to succinate oxidation was obtained by repeating the 


1 4 more satisfactory preparation of succinic oxidase has recently been described by Weil- 
Malherbe [1937]. 
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test with 0-5 ml. of neutralized malonic acid (6 mg.) solution added. In cases 
where the O, uptake was large, the inhibition was always over 90%; small 
oxygen uptakes were completely inhibited. Malonate is apparently a specific 
inhibitor of succinic oxidase [Quastel & Wooldridge, 1928]. 

The accuracy of the method of estimation was tested with a number of 
different enzyme preparations. With a pure succinate solution (1-5 mg. succinic 
acid usually), the O, uptake observed agreed within less than +5°% with the 
amount expected. The agreement between duplicate estimations on extracts, 
especially when the amounts of succinic acid were very small, was not as good as 
this, but in all cases the mean of at least two determinations was taken. The 
following are the results, in mg. of succinic acid found, of a few typical duplicate 
determinations on extracts of different tissues: 


Kidney, 1-65 0-77 Liver, 0-97 0-33 Brain, 0-38 0-21 Testis, 0-46 0-23 
1-68 0-88 0-88 0-36 0-35 0-17 0-41 0-30 
0-29 0-44 0-48 


Blank experiments were done in which known amounts of succinic acid 
(5-25 mg.) were added to the experimental flasks as well as the usual pyruvate 
and malonate additions and, sometimes, killed tissue, and the whole extraction 
and estimation were followed through as usual. The mean recovery of succinic 
acid was about 83 % with variations of about 3°%. Control experiments without 
tissue were done with pyruvate+malonate and with malate+malonate. In 
neither case was any succinate found. 

In Table II the results of experiments with kidney cortex are summarized. 


Table II. Rat kidney cortex slices 


Succinie acid found, mg. per 1000 mg. final dry weight of tissue used. Experimental period 
90 min. For the first series of experiments, and the first two results (19-3, 36-6) of the third series, 
the experimental flasks contained 360-380 mg. dry weight of slices; in the other experiments the 
amounts varied between 609 and 692 mg. 
Oxalo- 
Malate acetate Acetate 
Pyruvate  Pyru- + + =f No 
+malonate vate malonate Malate malonate malonate Acetate Malonate addition 
18-9 8-1 37-0 16-8 - — 0 
20-8 —- 24-2* 14-6 0 
19-3 -- 36-6 “f . 1-6 = 
. 0-7 4 = 0 





Anaerobic 4-4 — : —— — 2-4 


* This figure is lower than the other two results with malate plus malonate, probably because 
nearly all the malate added was used up by the large amount of tissue (686 mg. dry wt.) before the 
end of the experimental period. 


For comparison with manometric experiments, it is interesting to express the 
rates of succinate formation in terms of manometric equivalents, that is to say, 
in terms of the number of pl. of gaseous pyruvic acid (at N.T.P.) converted into 
succinic acid per hr. per mg. dry weight of tissue, and this may be done by using 
the following equation, since half a molecule of succinic acid would be formed 
from one molecule of pyruvic acid: 


mg. succinate formed 22,400 


® pyruvic > Succinic 59 ? " hours x mg. dry wt. * 
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The amount of succinate found may be corrected for the low, 83%, recovery. 
With this correction applied, results in Table II work out as follows: 


Pyruvate+malonate; Q pyruvic > succinic =9°8, 6-4, 
Pyruvate alone; = =2-5, 
Anaerobic pyruvate ; a == 46, 


By a similar calculation the result with acetate can be expressed as 


Q scetic -» Suceinie = 17 (malonate present). 

However, this form of expressing results can scarcely be applied clearly with 
malate and oxaloacetate, since one molecule of either of these substances yields 
either one molecule of succinate by reduction, or half a molecule by oxidation 
via pyruvate. 

Manometric experiments. In Table III are given the results of manometric 
experiments to show the effect of malonate on the metabolism of succinate, 
pyruvate and malate by rat kidney cortex. The methods followed and the 
terms used are those described by Elliott & Schroeder [1934]. As with the other 
substrates, malonate was added to the medium in the manometer vessels in 
0-25 ml. (6 mg. malonic acid) of a neutralized solution in Krebs’s medium ; this 
gave a final concentration of 0-02 M. No glucose was added to the medium. 


Table III. Effect of malonate on the metabolism of rat kidney cortex 


Substrate - Qo, R.Q. Qs Ora Qketo 
No addition 17-5 0-75 —- 03 — 
Malonate 7-4 0-70 + 09 _ 
Succinate 30-5 0-73 
Succinate + malonate 17-1 0-74 
No addition 20-3 0-78 
Malonate 9-6 0-65 
Pyruvate 34-1 1-31 
Pyruvate + malonate 29- 1-27 
No addition D 0-75 
Malonate : 0-68 
Malate 29-4 1-23 
Malate + malonate 22- 1-10 
Pyruvate . 1-28 
Pyruvate + malonate 28- 1-23 
Malate : 26- 1-09 
Malate + malonate 20- 1-02 
No addition ° 0-70 
Malonate o 0-55 
Succinate 27-2 0-39 
Succinate + malonate . 0-67 
No addition ° 0-72 
Malonate . 0-71 
Pyruvate 27- 1-23 
Pyruvate + malonate 26- 1-10 
No addition 18-1 0-69 
Malonate 8-2 0-53 
Malate 18-6 0-90 
Malate + malonate 13-7 0-86 
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It is seen that, with succinate, malonate inhibits the removal of acid groups 
90-100 % (Exps. A and E), and this is presumably due to its inhibition of the 
oxidation of succinate to fumarate, thus obstructing the reaction cycle whereby 
the oxidation of the succinate molecule as a whole occurs. Malonate also 
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inhibits the respiration without added substrate by 50-60 % and the respiration 
in the presence of succinate by about 45-50%. But it is interesting to see that 
when malonate is present, the addition of succinate still causes an increase in 
respiration, almost up to the level of the normal found without inhibitor. It is 
possible that a slight oxidation of succinate occurs even in the presence of the 
inhibitor, and the fumarate formed acts as a catalyst of further oxidations in the 
manner suggested by Szent-Gyérgyi [1935]. 

In the presence of pyruvate, malonate decreases the acid removal to a con- 
siderable extent (40-45%), but a large disappearance of acid still occurs. It 
must be concluded that, at least when the reaction cycle is inhibited, a con- 
siderable removal of the pyruvate takes place by some other process, possibly 
by oxidation via acetate and possibly partly by synthesis to carbohydrate. The 
removal of pyruvate (—Q,.,,) is also lowered when the cycle is obstructed by 
malonate. Considering Exp. B for instance, it is seen that of 29-1 man. eq. (mano- 
metric equivalents) of pyruvate removed, 4-7 man. eq. have been converted into 
lactate and about 22-0 man. eq. have disappeared as acid, leaving about 2-3 
man. eq. which probably represent acids such as succinate, fumarate and malate, 
formed in dynamic equilibrium in the cycle of reactions. In the presence of 
malonate, about 6-2 man. eq. of acid other than pyruvate must have been formed, 
and judging from the above results with added succinate, this is probably nearly 
all succinate. One would therefore expect in the isolation experiments to find 
pyruvate converted into succinate at a rate equivalent to about 6-2 man. eq. in 
the presence of the inhibitor and not more than 2-3 in its absence. Considering 
Exp. D in the same way, the figures are 6-8 and 3-1 respectively. The results of 
the large-scale succinate estimation experiments agree well with these figures. 

Since malate was not specifically estimated, the results with malate cannot 
be interpreted so completely; however, it is seen that malonate decreases the 
disappearance of acid to about the same extent as it does with pyruvate. This 
is, of course, to be expected since interference with the oxidation of succinate 
would affect the complete oxidation of any member of the cycle of intermediary 
metabolites. 
In the above table it is seen that the rates of metabolism of the various substrates (compare 
—Q, values) are more variable than appeared in the work of Elliott et al. [1935]. The lower values 
were obtained with the kidneys of rather sluggish large rats. For the rest of the work described in 
this paper, active young rats were used. 

Liver 

The rate of pyruvate metabolism in liver is lower than that in kidney, and 

malate is not appreciably oxidized [Elliott et al. 1937], so it was not expected 


Table IV. Effects of malonate on the metabolism of rat liver 


Substrate = Qo, R.Q Qa 
G No addition 16-6 0-85 +1-5 
Malonate 15-9 0-89 +0°7 
Succinate 0-01 M 18-1 0-57 +2-2 
Succinate 0-01 M +malonate 12-2 0-94 +04 
H No addition 14-5 0-48 +2-5 
Malonate 11-0 0-53 +18 
Succinate 0-01 M 20-7 0-34 +2-4 
Succinate 0-01 M + malonate 11-9 0-51 +1-2 
Succinate 0-04 M + malonate 14:3 0-67 -1-7 
J No addition 14-7 0-83 +2°3 
Malonate 12-7 0-88 +11 
Succinate 0-04 M 21-5 0-62 —0-1 
Succinate 0-04 M + malonate 15-0 0-87 a | 
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that manometric experiments on liver with these substrates and malonate would 
give clear results. 

In Table IV are given the results of manometric experiments with succinate 
and malonate. Succinate alone raises the O, uptake and lowers the R.q.; 
malonate alone causes some inhibition of respiration, and it inhibits almost 
completely the extra O, uptake with succinate in the usual, 0-01 _M concentration. 
Only when succinate is present in higher concentration (0-04 M) is it able to com- 
pete with the inhibitor for the enzyme sufficiently to cause some increase in O, 
uptake over that with malonate alone. Thus in liver slices also, malonate inhibits 
succinate oxidation strongly. But since Elliott et al. [1937] find that, in liver slices, 
the oxidation of pyruvate cannot proceed via the succinate-fumarate cycle, it 
would not be expected that much pyruvate would be converted into succinate. 

In Table V results are given of experiments to determine the rate of .suc- 
cinate formation in liver, testis, brain and tumours. The experimental procedure 
with liver was exactly the same as for kidney cortex and the succinate was 
estimated by the succinic oxidase manometric method. For each experimental 
series with three flasks, slices from the livers of 7 or 8 rats were used. For the 
first four sets of experiments the experimental flasks each contained 750-950 mg. 
dry weight of slices, in the other experiments with liver between 1100 and 
1180 mg. were used. 





Table V 
Succinic acid found, mg. per 1000 mg. dry weight of tissue. Experimental period 90 min. 
Pyruvate Pyru- Malate Acetate No 
+malonate vate +malonate Malate +malonate Acetate Malonate addition 
Liver slices: 
5-5 3-1 — —- —- _- —- 0-6 
73 = sock ae = sae te = 
7:3 35 _ a me ae 23 —_ 
— _— 4-1 2-1 2-5 — — — 
--- 4-9 1-3 4-6 1-0 —_— — 
— — — — 4-6 0-4 2-2 1-1 
=n es = ea 3-5 —s = 
Chopped whole brain: 
2-8 1-2 ~- == —- ~- 0 0-8 
—- — a4 3-0 1-7 1-8 — — 
2-0 2-2 - a os 3-5? 2-8? 
3-4 —- -- — — _- 1-6 0-9 
Testis: 
al 4-7 ~- — — = 4-1? 1-8 
4-7 45 —- = — 2-6 1-6 
_— 2-9 1-3 2-0 3:8 — _— 
7-2 — — —_ 13 1-9 1-8 — 
Philadelphia No. 1 rat sarcoma slices: 
5-1 0 — — ae es cme sad 
4-6 Ee7 — —— -— —- —_ 1-1 
Walker No. 256 rat carcinoma slices: 
6-1 2-4 — = a — ae 13 
5-4 21 = -—— = — 4:3 — 
— ~_ 47 os 5-9 — oie 0-7 


The results show that in liver the oxidation of pyruvate to succinate occurs 
to a much smaller extent than in kidney. Expressed in manometric units, 
and correcting for 83% recovery, we have Q pyruvic » suecinic= 1°6, 2°2, 2-2 with 
malonate, and 1-0, 1-1 without malonate. The succinate formation from 
malate is also lower, but since manometric work [Elliott e¢ al. 1937] has shown 
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that malate is not oxidized by liver, one must assume that reduction of malate 
to succinate accounts for all the succinate found. 
As with kidney, a small amount of succinate is formed from acetate. 


Brain 


It is almost impossible to prepare enough slices of rat grey matter for this 
type of experiment in a reasonably short time. For these experiments, therefore, 
chopped whole brain was used. The brains were chopped up in lots of two or 
three in a crucible, using fine scissors, for 3 min. Eight brains were used at a time 
and samples of the mince from each lot were joined and weighed rapidly moist 
and after drying. The rest of the mince was scraped into a previously weighed 
beaker containing 30 ml. Krebs’s medium, and on reweighing an estimate of the 
total mince used was obtained. The suspension was then divided as equally as 
possible between four experimental flasks, and the rest of the experiment was 
carried out as usual. As an example, in one experiment 10-2 g. of mince were 
used, giving roughly 2-5 g. moist tissue in each flask. The ratio of wet weight/dry 
weight in the sample was 4-8, and therefore the dry weight of tissue in each 
experimental flask was approximately 520 mg. 

The results obtained with chopped whole brain, given in Table V, show that 
the formation of succinate from pyruvate is very small, not more than 
Q pyruvie » Succinie =0'9. From malate, a little succinate is formed, presumably 
by reduction. None seemed to be formed from acetate in one experiment. 
Weil-Malherbe [1937] found a small but definite increase in succinic acid with 
sand-ground brains of sheep, ox, pig and horse, using 0-05 M malonate and 
0-2 M pyruvate. His figures indicate about Q pyruvic» succinic = 1-0. 


Testis 


For a set of experiments with four experimental flasks, the testes of about 
16 rats were broken up into small bunches of tubules. The tissue was kept in 
glucose-containing Krebs’s medium with O,/CO, bubbling through until ready; 
it was then rinsed in two lots of glucose-free Ringer-Locke solution and, after 
draining on filter-papers, divided up among four weighed flasks as in experiments 
with kidney and liver. Since the draining tends to make this tissue form tight 
clumps, care was taken to see that these were dispersed in the experimental 
flasks. The final dry weight of tissue in each flask varied between 354 and 
440 mg. 

The results with testis (see Table V) were very similar to those obtained with 
liver and brain. A small amount of succinate is formed from pyruvate and only a 
possible trace from malate or acetate. 


Tumours 


Elliott et al. [1935] found that, while tumour slices (Philadelphia No. 1 
Sarcoma, Walker 256 carcinoma) oxidized pyruvate fairly rapidly, acid group 
removal did not account for the pyruvate disappearing. Apparently in these 
tumours pyruvic acid is oxidized to some acid substance which is not further 
oxidized, and it was then suggested that this substance was succinic acid since 
succinate is not appreciably oxidized by these tumours. The experimental results 
given in Table V show that this is not so. Only a trace of succinate is formed from 
pyruvate in the absence of inhibitor, not more than Q pyruvic succinie=9°7- 
Somewhat more, up to 2-0 manometric equivalents, is formed when malonate is 
present to inhibit whatever small amount of succinic oxidase is present. 
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According to the above-mentioned paper, the tumours are unable to oxidize 
acetate, so that acetic acid may be the acid partial oxidation product of pyruvic 
acid. (Between 450 and 550 mg. dry weight of slices were used for these experi- 
ments.) 

Efforts have been made to devise a suitable method for estimating acetic acid in the presence 
of pyruvic acid and tissue extractives. These have not yet succeeded. Pyruvic acid decomposes 
on boiling in solution, yielding volatile acids, and it also distills in steam. In simple mixtures of 
acetic and pyruvic acids it is possible to estimate the pyruvic acid first, oxidize it to acetic acid 
with H,O, or acid KMn0O,, and then, by steam-distillation and titration of the distillate, estimate 
acetic acid. But in the presence of tissue extracts, unaccountable results were obtained. 


The fact that very little succinate is formed was confirmed in several experi- 
ments with the Philadelphia No. 1 tumour in which the precipitation of Ag 
succinate was tried. Only traces of precipitate, contaminated with black material, 


were obtained. 
SUMMARY 


1. Modified applications of the method of Moyle [1924] for isolating succinic 
acid from tissue extracts and of the method of Gézsy [1935] for the estimation 


of succinic acid are described. 

2. In kidney cortex, pyruvate is converted into succinate, and the succinate 
accumulates in large amount when its further oxidation is inhibited by malonate. 
The succinate formed has been isolated and identified. With other tissues tried, 
the amount of succinate formed is much smaller. 

3. Manometric experiments show that malonate (0-02 MY) inhibits succinate 
oxidation at least 90% in tissue slices. It decreases the rate of metabolism of 
pyruvate and malate in kidney slices considerably and to about the same extent. 
In the case of pyruvate, it is possible to calculate from the manometric work 
the rate at which succinate accumulates when its further oxidation is blocked 
by malonate. This rate corresponds roughly with that determined by isolation” 
and estimation of succinic acid in large scale experiments. 

4. A considerably larger amount of succinate is produced from malate and 
oxaloacetate than from pyruvate in kidney cortex. It is assumed that malate is 
oxidized to oxaloacetate and one part of this is decomposed to pyruvate which is 
further oxidized to succinate, and another part is “‘over-reduced”’ to succinate 
by dismutations with other metabolites, in accordance with the theory proposed 
by Szent-Gyérgyi [1935] for pigeon muscle. With the other tissues tried the 
amount of succinate formed from malate is much smaller. 

5. Small amounts of succinate are formed from acetate in kidney cortex and 


liver. 
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Recent studies of the biological oxidation of glucose have considerably 
extended our information concerning the first steps in its utilization by various 
organisms. Conversion into gluconic acid has been effected by the agency of an 
aerobic oxidase extracted from the mycelium of Aspergillus niger and of Peni- 
cillium glaucum [Miller, 1931] and by the action of a dehydrogenase present in 
liver extracts, which functions in conjunction with a co-enzyme [Harrison, 1931]. 
The latter author concluded that the oxidation of glucose via gluconic acid can 
occur in the body as an independent alternative method of glucose breakdown, 
for the liver is rich in glucose dehydrogenase. Under the action of Acetobacter 
suboxydans glucose yields 5-ketogluconic acid [Kluyver & de Leeuw, 1924], and 
the latter acid together with 6-aldehydogluconic acid (/-guluronic acid) has been 
obtained by the use of Bacterium gluconicum [Bernhauer & Irrgang, 1935]. In 
later experiments with the latter organism Bernhauer & Gorlich [1935] detected 
the formation of a third 6-carbon acid which proved to be 2-ketogluconic acid. 
The production of this substance is of interest from the fact that its keto-group 
must have been derived from the oxidation of a secondary carbinol group in the 
trans-position to another secondary carbinol group. From observations of the 
action of the sorbose bacterium on polyhydric alcohols Bertrand [1904] concluded 
that in order that oxidation of the alcohol molecule could be effected it was 
necessary to have present two secondary alcoholic groups in the cis-position with 
respect to each other and standing next to the terminal —CH,OH group. This 
generalization evidently cannot be extended to cases of related compounds in 
which the terminal group is not —CH,OH, since this detection of 2-ketogluconic 
acid as a product of the oxidation of glucose constitutes the second case to be 
reported of the biological oxidation of a secondary alcoholic group lying between 
the end carbon atom of the chain and another secondary alcoholic group to which 
it is in the trans-position. The first case of this kind to be noted was that of the 
production of glucosone by a mould belonging to the flavus section of the flavus- 
oryzae series of the Aspergilli when placed in contact with a glucose solution in 
the presence of toluene [Walker, 1932]. The formation of this 6-carbon derivative 
of glucose by enzymic agency had not been recorded previously and the case is of 
interest in view of the suggestions of Hynd [1927] that glucosone may be the 
first product of the utilization of glucose in the animal body and that insulin may 
play the part of an oxidase catalysing the conversion, suggestions with which 
Dixon & Harrison [1932] are not in agreement, since they were unable to detect 
glucosone in the blood of rabbits in hypoglycaemic convulsions following a large 
overdose of insulin. These authors were unable also to demonstrate the presence 
of glucosone in fresh liver, but they stated that the possibility of glucosone acting 
as an intermediary cannot be excluded entirely in view of the fact that it can be 
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formed by enzymic action as described by Walker [1932]. Later, Berkeley [1933] 
brought forward evidence that glucosone is produced from glucose by the action 
of an oxidase system present in the crystalline style of the mollusc Saxidomus 
giganteus, and also by the operation of a dehydrogenase system, the activity of 
which depends on the joint action of a substance contained in the style and 
another contained in the diatomaceous food material of the mollusc, as was 
shown by bringing them together in the presence of methylene blue. It is 
suggested by Berkeley that the first-mentioned oxidase system serves as a 
hydrogen acceptor to promote the action of the dehydrogenase system. 

In view of these observations it was considered of interest to investigate 
further the production of glucosone by mycological agency and experiments have 
now been made with different moulds using as substrates starch and various 
sugars and related substances. Formation of glucosone has now been observed 
in the cases of two moulds when allowed to act upon soluble starch, maltose, 
sucrose and glucose, whilst negative or doubtful results were obtained with 
lactose, mannose, fructose, xylose, mannitol and glycerol. Further, it has been 
found that the appearance of glucosone is observed only when the mould mycelium 
is subjected to the action of plasmolytic agents and, hitherto, it has not been 
possible to obtain positive results with enzyme preparations extracted from the 
mycelium. Hence, it is not yet possible to decide whether the oxidation is the 
result of one specific enzyme or whether it is due to the activity of the residue of 
an enzyme complex, a component of which is inhibited or destroyed by the 
plasmolytic agent. 


EXPERIMENTAL 


The mould employed for purposes of the greater part of the experimental 
work belongs to the flavus section of the flavus-oryzae series of the Aspergilli, and 
it has been described, with morphological details, in a previous communication 
[Challenger et al. 1931]. It was cultivated on aqueous media containing glucose 
and the following mixture of inorganic salts, recommended by Kinoshita [1927]: 
NH,NO,, 0-04%; KH,PO,, 0-1%; MgSO,, 7H,O, 0-05%. In preliminary 
experiments, conical flasks of 1500 ml. capacity were charged each with 300 ml. 
of this medium to which glucose (5%) had been added. After sterilization in a 
current of steam for 20 min. on each of three successive days the contents of the 
flasks were sown with spores of the mould and incubated at 28° for 4 days. At 
the end of this time sporulation was in progress and the medium was then poured 
away from beneath the mycelia and was replaced by sterile tap water at 28°; 
subsequently, the flasks were returned to the incubator for a period of about 
6 hr., after which the water was poured away and replaced by fresh sterile water, 
also at 28°. The cultures were maintained overnight at 28° and the following 
morning the mycelia were given a third washing with sterile water with which 
they were allowed to remain in contact for about three hours. This process 
served to remove from the cells of the mould absorbed sugar and diffusible 
metabolites (for example kojic acid, which this strain synthesizes from sugar), 
and it is probable that the period of starvation was sufficient to cause appreciable 
utilization of reserve materials in the cells. The final washing-water extracted 
only the merest trace of kojic acid as indicated by the very feeble coloration 
given with ferric chloride. A sterile 5°% aqueous solution of glucose at 28° was 
then emulsified with toluene (1-5%) by shaking, and by means of a large pipette 
this emulsion was introduced quickly in lots of 300 ml. beneath the mycelial mat 
in each flask, and incubation was continued at 28°. In later experiments a 
temperature of 30° was employed, both previous and subsequent to the washing 
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of the mycelium. In these operations of washing the mould care was exercised 
to avoid wetting the top surface of the mycelium, and it was found to be 
important that the latter was not unduly bruised or torn during the necessary 
manipulation of the cultures. After the glucose-toluene medium had been in the 
flasks for a short time the toluene separated and was absorbed at the under- 
neath surface of the mould, wetting ultimately the whole of the mycelium and 
giving it a darkened appearance. This wetting of the mould by the toluene is a 
necessary condition and may cause the mycelial cover to sink slightly in the 
liquid, but this does not appear to be disadvantageous at this stage provided that 
the mould does not sink to the bottom of the flask. Also, it may be necessary to 
add a little more toluene after 2 or 3 days, to replace that lost by evaporation. 

After incubation in the presence of toluene for 4 days, samples of the liquid 
were withdrawn by pipettes from the flasks and tested by shaking with equal 
volumes of a cold 5% aqueous solution of phenylhydrazine acetate. Small 
quantities of yellowish brown flocculent precipitate were observed after periods 
of shaking varying from thirty seconds to about 3 min. 

Similar tests which were made with cultures to which no toluene had been 
added yielded no precipitates, and a 5% aqueous solution of glucose either with 
or without toluene gave no precipitate with phenylhydrazine acetate solution in 
the cold, even after standing for 5 hr. Larger volumes of the solutions from the 
culture flasks were then combined, treated with an appropriate quantity of 
phenylhydrazine acetate in the cold and shaken for 5 min., after which the 
precipitate which had separated was removed, washed at the pump first with 
dilute acetic acid and then with water, and dried in a desiccator. After several 
crystallizations from ethyl alcohol diluted with a little water the material had 
constant M.P. 204-205° alone or in admixture with a pure and authentic specimen 
of glucosazone. (Found: N, 15-9%. C,,H,.0,N, requires N, 15-64%.) 


Identification of glucosone as anhydrogluco-o-diaminobenzene, a condensation 
product with o-phenylenediamine 


(a) Griess & Harrow [1887] found that when equimolecular proportions of 
glucose and the acetate of o-phenylenediamine were brought together in very con- 
centrated solution and left to stand for 8 days at 30°, a crystalline azine, which 
they termed anhydrogluco-o-diaminobenzene,' crystallized from the solution. 

Later, Fischer [1889] stated that the same substance could be obtained by 
warming for a few minutes an aqueous solution of glucosonea nd o-phenylene- 
diamine in the absence of acid. We have used this azine as a further means of 
identification of glucosone in culture media, and for purposes of comparison it 
was prepared by the method of Griess & Harrow. The crude crystalline product 
was decolorized by charcoal and purified by several recrystallizations from much 
hot water. After drying at 100° it melted at 194°. Neither Griess & Harrow nor 
Fischer recorded the M.P. 

(6) Glucosone was prepared by the method of Fischer [1889; 1890] from 
50 g. of pure glucosazone and was obtained (yield 8 g.) as a light-brown syrup 
which, after standing at 0-2 mm. over phosphorus pentoxide in a desiccator, set 
to an amorphous solid. That this material was in a high state of purity was shown 
from the weight of glucosazone which an aliquot portion yielded immediately on 
mixing with the appropriate quantity of phenylhydrazine acetate solution. 
A quantity (3-5 g.) of the glucosone was taken up in 1000 ml. of cold water 
and to this solution were added successively 5 g. of o-phenylenediamine dis- 
solved in the minimum quantity of cold water and 10 ml. of 10% sodium 


1 A modern designation of this substance would be 2-(tetrahydroxy-n-butyl)quinoxaline. 
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hydroxide solution. After vigorous shaking for a few minutes, small amber- 
coloured prisms commenced to separate. After standing for several hours these 
were collected, washed with water, dried in air and recrystallized first from ethyl 
alcohol and then from methyl alcohol; yield, 1-4 g. The M.P. was 194° and was 
not depressed by admixture with anhydrogluco-o-diaminobenzene prepared by 
the method of Griess & Harrow. 

(c) A quantity (930 ml.) of a 5% solution of glucose which had been sub- 
mitted for 5 days to the action of the mould in the presence of toluene was 
mixed with an aqueous solution of 5 g. of o-phenylenediamine and the whole 
was made slightly alkaline by the addition of about 10 ml. of a 10% solution of 
sodium hydroxide. The colour of the mixture darkened somewhat and, after 
standing for about 20 min., the separation of small prisms commenced and was 
completed after several hours. These were removed and on recrystallization 
(yield 1-6 g.) melted at 194° alone or in admixture with either of the products 
obtained as described under (a) and (b). (Found: N, 11-5; 11-4%. C,,H,,0,N, 
requires N, 11-2%.) 

(d) A 5% aqueous solution of glucose was treated with an appropriate 
quantity of an aqueous solution of o-phenylenediamine and was then rendered 
slightly alkaline with a few ml. of dilute sodium hydroxide and allowed to stand 
in the cold for 24hr. No condensation product was deposited under these 
conditions. 

For the greater part of the experimental work, however, condensation with 
phenylhydrazine acetate was employed as a means of obtaining rough compari- 
sons of the quantities of glucosone formed in the various culture media and, in 
order to obtain some idea of the degree of accuracy of this method, an experi- 
ment was first carried out with a series of solutions consisting of known weights 
of glucosone dissolved in 5° aqueous solutions of glucose. The concentrations of 
glucosone which were thus employed covered a range from 0-05 to 0-35%, and 
over this range it was found that addition of an appropriate volume of a 5 % solu- 
tion of phenylhydrazine acetate yielded within 15 min. a weight of glucosazone 
representing about 20% of the quantity of glucosone present initially in solution. 
After standing for 3 hr. the yield had increased in all cases to about 35 % of that 
possible from the weight of glucosone employed. Since the concentration of gluc- 
osone as produced enzymically in the various experiments was usually within the 
limits 0-05-0-3 %, it is probable that the rough estimations of glucosone which 
were made subsequently by addition of phenylhydrazine acetate to aliquot 
volumes of the culture media are representative of only about one-third of the 
glucosone which was actually produced in each case, and this point should be borne 
in mind, therefore, in considering the values shown in the Tables. Later, use was 
made of 2:4-dinitrophenylhydrazine which, according to Dixon & Harrison [1932], 
will give a precipitate with a 0-03% solution of glucosone. It was found that 
whereas phenylhydrazine would cause the precipitation of only about one-third of 
the glucosone from a solution of the latter at a concentration of 0-1°% , under similar 
conditions 2:4-dinitrophenylhydrazine precipitated 58%, of the glucosone as the 
2:4-dinitrophenylosazone of glucose (M.P. 252-253°). In using 2:4-dinitropheny]l- 
hydrazine the precipitate was filtered off after about 90 min., since longer standing 
in the presence of glucose brought down traces of a precipitate due to the latter 
substance. In a blank experiment in which 100 ml. of an aqueous 0-5 % solution 
of glucose were mixed with 50 ml. of the reagent (0-5 g. 2:4-dinitrophenyl- 
hydrazine in 30 ml. 2N HCl [Case & Cook, 1931]) and the whole allowed to stand 
in the cold, no precipitate had appeared during the first 2 hr. but, subsequently, 
material separated and after 3 days 0-0055 g. of precipitate was obtained. 
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Determination of optimum conditions for the conversion 
of glucose into glucosone 


(1) Time required for accumulation of glucosone in highest yield. This was 
found usually to be from 4 to 6 days (at 30°) from the time when the mycelium 
was placed in contact with the glucose-toluene mixture. 

(2) Concentration of substrate. The initial work was done with 5° aqueous 
solutions of glucose plus toluene, but it was found that higher percentage yields 
were obtained from solutions of 0-5 to 1% concentration, the time being 6 days 
and the temperature 30°. The subsequent experiments in presence of toluene 
were all conducted with 0-5% solutions of the substrate (the mycelia used for 
these trials being first developed, as usual, on 5% glucose-salts medium). 

(3) Hydrogen ion concentration. The effects due to this factor are shown in 
Table I. The duration of the experiment was 6 days at 30°. 





Table I 
% conversion of glucose 
g. of glucosazone into glucosone, 
precipitated from calculated from g. 
pH 100 ml. of medium —_ glucosazone precipitated 
2-5 a 
3-0 0-030 3-0 
4-0 0-064 6-4 
5-0 0-072 7-2 
6-0 0-086 8-6 
7-0 0-078 7-8 
8-0 0-076 7-6 


(4) Temperature. The effects of changes over the range of biologically normal 
temperatures were slight but generally it was found advantageous not to incubate 
at temperatures higher than 30° in order to restrict loss of toluene by evapora- 
tion. The figures shown in Table IT are from estimations made after standing in 
the presence of toluene for 5 days. 


Table II 
% conversion of glucose 
g. of glucosazone into glucosazone, 
Temperature precipitated from calculated from g. 
(°C.) 100 ml. of medium _ glucosazone precipitated 
18 0-0762 7-70 
25 0-0784 7-92 
30 0-0802 8-10 


(5) Effects of the age of the mycelium prior to replacement of the medium by the 
glucose-salts mixture. Mycelial mats which were respectively 4, 5, 6 and 8 days 
old when washed free from the glucose-salts medium were placed in contact with 
the glucose-toluene mixture and maintained at 30° for 5 days, at which time the 
estimations shown in Table III were performed. 


Table III 
% conversion of glucose 
g. of glucosazone into glucosone, 
Age of mycelium precipitated from calculated from g. 
in days 100 ml. of medium _glucosazone precipitated 
4 0-0790 7-98 
5 0-0804 8-08 
6 0-0830 8-39 


8 0-0810 8-19 
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(6) Effects of different plasmolytic agents. Bromobenzene (1-5°%) was nearly 
as effective as toluene, and with chloroform at the same concentration the yield 
of glucosone was somewhat lower and the time of its formation somewhat longer 
than in corresponding trials with toluene. 

No glucosone was formed in the presence of sodium chloride at a concentra- 


tion of 7%. 













Trials with different species of Aspergillus and of Penicillium. 


Experiments were made in order to obtain some idea as to how general is the 
capability of glucosone formation amongst species of mould fungi. Since these 
trials were only on a small scale with about ten species of each genus the results 
obtained were in no way conclusive, but they indicated that capability of 
glucosone formation is not a common biochemical characteristic among the 
Aspergilli and Penicillia. Apart from the mould used originally in this investiga- 
tion (a specimen belonging to the flavus section of the flavus-oryzae series of the 
Aspergilli) only one other species, namely, Aspergillus parasiticus Speare, was 
found to possess the power to form glucosone, and the yields obtained were very 
close to those given by the first-named organism. Now both these moulds pro- 
duce kojic acid in good yield from glucose and, accordingly, it appears possible 
that the capability of forming glucosone may be a property restricted to those 
species of mould fungi which normally transform glucose into kojic acid. 

In order to test this suggestion the following specimens were obtained from the 
National Collection of Type Cultures, Lister Institute: (1) A. tamarii Kita, 
(2) A. effusus Tiraboschi, (3) P. Daleae Zaleski and (4) A. oryzae Ahlberg, all of 
which had been shown previously to yield kojic acid when cultivated on Czapek- 
Dox medium containing glucose [Birkinshaw et al. 1931]. Of these moulds only 
(1) and (2) gave kojic acid within 14 days when sown on glucose-Kinoshita salts 
medium, and none of them yielded glucosone when the washed mycelia were 
placed on glucose solutions in the presence of toluene. Cultures of these moulds 
raised on other media also failed to convert glucose into glucosone when treated 
under our experimental conditions. The results of these experiments must 
therefore be regarded as indefinite, particularly in view of the well-known fact 
that some of the biochemical characteristics of micro-organisms are liable to 
undergo modification during protracted periods of laboratory cultivation on 
artificial media. 



































Formation of glucosone from soluble starch, maltose and sucrose 





In place of glucose as the substrate the following sugars and related sub- 
stances were separately employed: soluble starch, maltose, sucrose, lactose, 
mannose, fructose, mannitol, xylose and glycerol. In all cases the mould was 
first grown on Kinoshita salts solution containing 5% of glucose, and the 
washed mycelium was subsequently floated on an aqueous solution (0-5 to 1%) 
of the substance under investigation, plus 1-5 % of toluene. 

Appreciable yields of glucosone were obtained only from soluble starch, 
maltose and sucrose. Several of the other substances gave traces of material 
yielding precipitates with phenylhydrazine acetate, but in no case was there 
sufficient for purification and identification. The glucosone from the starch, 
maltose and sucrose was identified by precipitation as glucosazone and also by 
condensation with o-phenylenediamine. The yields and analytical figures for 
the specimens of anhydrogluco-o-diaminobenzene thus obtained are given in 


Table IV. 
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Table IV 


Mixed m.P. of 
o-phenylene- 
% converted into diamine deri- 
glucosone, caleu- .P. of o-phe- vative with 
Substrate at lated from weight nylenediamine authentic Found on analysis: 
0-5 % concen- of glucosazone derivative specimen co ae 
tration precipitated (° C.) @¢.) C N 


Soluble starch 15-12 193 193-5 57-72 5: 11-41 
Maltose 17-12 193-5 193-5 57+ 5-6: 11-12 
Sucrose 13-60 193 193-5 57- 5: 11-01 


C,,H,,0,N, requires: C, 57-6; H, 5-6; N, 11-2%. 


The yields from these three carbohydrates are thus seen to be much larger 
than those obtained from glucose. 


Action of a mould of the flavus section of the 
flavus-oryzae group on glucosone 


The fact that production of glucosone by the action of plasmolysed mould 
mycelia on glucose had been observed only in the cases of two species which were 
known to give rise to good yields of kojic acid when grown on glucose raises the 
question as to whether, in the conversion of the latter sugar into kojic acid, gluc- 
osone may not be a normal intermediate product. In order to obtain further 
information on this point the mould which had been used largely in the experi- 
ments on glucosone formation was sown on a medium of Kinoshita salts solution 
(15 ml. in each of six boiling-tubes) to which 5% of pure glucosone had been 
added subsequent to sterilization. Growth and sporulation were quite normal 
and after 8 days samples from the tubes gave strongly positive reactions (wine- 
red colour) for kojic acid when treated with a drop of ferric chloride solution. 
After 14 days the combined solutions were worked up but yielded only a few 
mg. of crystalline kojic acid. The smallness of the yield is a fact which does not 
support the possibility that glucosone may be a normal intermediate product in 
the production of kojic acid from glucose by this mould. The fact that glucosone 
can be converted into kojic acid is not without interest, however, since it must 
be assumed that fission of the glucosone molecule must first occur followed by 
condensation of fission products to kojic acid, or to a 6-carbon compound capable 
of conversion into kojic acid. Assuming such a mode of fission to yield one 
molecule of dihydroxyacetone and one molecule of hydroxymethylglyoxal it is 
conceivable that glucosone could then arise by oxidative condensation between 
two molecules of the former [cf. Challenger et al. 1931] or by condensation of a 
molecule of dihydroxyacetone with one of hydroxymethylglyoxal, a possibility 
which would not be out of harmony with the known facts of organic chemistry. 


Discussion 


The question as to whether the enzyme or enzyme complex responsible for the 
conversion of glucose into glucosone is strictly specific with respect to this one 
hexose, or whether it is capable of attacking similarly those sugars to which the 


group 
CHO 


| 
H—C—OH 
| 
HO—C—H 
| 
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is common, has not been settled by the present investigation. If the specificity 
is such that the only essential requirement for enzyme action is the possession 
within the molecule of a group possessing this configuration, then osone formation 
should also result from the action of the plasmolysed mould on d-galactose, 
l-arabinose and d-xylose. The last only of these three sugars has so far been 
submitted to the action of the mould, but the formation of xylosone was not 
detected. Failure to form glucosone from lactose would appear to be due to 
inability of the mould to hydrolyse this disaccharide; similarly A. niger, which 
contains no lactase, cannot convert lactose into citric acid. 


SUMMARY 


1. Cultures of A. parasiticus Speare and of an unnamed mould belonging to 


the flavus section of the flavus-oryzae series of the Aspergilli, after plasmolysis by 
toluene, bromobenzene or chloroform, converted glucose in dilute aqueous 
solution into glucosone. The optimum conditions for this oxidation were found 
to be: plasmolysing agent, toluene, about 1-5°%; glucose concentration, about 
0-5-1-0%; temperature, 30°; pH of solution, 6-0; time, from 4 to 6 days. 

2. Using the same procedure it was found that soluble starch, maltose and 
sucrose also gave rise to glucosone, in every case in much better yields than were 
obtained from glucose. 

3. The glucosone was characterized as phenylglucosazone, as 2:4-dinitro- 


phenylglucosazone and as anhydrogluco-o-diaminobenzene. 
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A.Lmost every method in general use to-day for the determination of urea in 
biological material involves as its first step the hydrolysis of the urea into 
ammonia and carbon dioxide by the action of soya bean or jack bean urease. 
That this procedure under certain conditions leads to abnormally high values 
has been occasionally pointed out, though little account of the fact seems to be 
taken in routine analytical practice. Excessive values for urea were reported 
for whole blood using concentrated soya bean extract by Behre [1923], for whole 
blood and for liver treated with jack bean urease by Addis [1928], and for 
kidney tissue with jack bean urease by Rehberg & Blem [1932]. The source of 
this ‘‘extra urea” formed when urease preparations are brought into contact 
with blood or tissues still awaits systematic investigation. But it was inferred 
by Addis, from the fact that the urea value increased with increasing quantities 
of urease added, that the abnormal values were due to the action of arginase in 
liver on arginine in the enzyme preparation. Experiments in the same sense 
have been reported by Kirk [1933] for kidney and by Anderson and Tompsett 
[1936] for blood. In view of the fact that the amino-acid canavanine isolated 
from jack bean by Kitagawa & Yamada [1932] has been shown by them to be 
decomposed by minced liver yielding urea, it is more correct to say with Kirk 
that the “extra urea” arises from the action of an enzyme in the blood or tissue 
on a substrate in the urease preparation. The findings reported in the present 
paper make it quite clear that the urea does not arise in every case from the 
same substrate. Thus soya bean preparations give rise to a small “‘extra urea” 
formation with liver and a rather higher value with blood. Jack bean gives on 
the other hand with blood a value lower than that obtained using soya bean, 
while with liver it gives a urea content many times the amount originally 
present in the tissues. 

According to Peters & Van Slyke [1932], these abnormally high values can 
be avoided, at least for human blood, by (i) using only minimum quantities of 
the urease preparation, (ii) carrying out the digestion at room temperature (20°), 
and (iii) reducing the reaction time to 5 min. In securing these conditions in 
practice difficulties were experienced in this laboratory chiefly because com- 
_ mercial jack bean or soya bean preparations were found to vary in potency and 
to deteriorate in the Indian climate so that for quantitative decomposition of 
urea in 5 or 15 min. at room temperature (30°) quite large quantities of the 
preparations had to be used, thus introducing into the reaction mixture con- 
siderable amounts of the substrates that give rise to ‘extra urea”. The present 
investigation was undertaken to find out a suitable indigenous source of urease 
from which a fully active preparation could be made as and when required. 


( 1041 ) 
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The urease content of Indian seeds was investigated by Annett [1914], who 
seems to have been the first to point out the very high potency of jack bean in 
this respect. The only one among the seeds which is shown in his studies to be 
rich in urease which is readily obtainable in South India, viz. horse-gram 
(Dolichos biflorus), was found by him to deteriorate rapidly in activity on keeping. 
As Annett’s investigation was confined to the Papilionaceae, in the present study 
attention was mainly directed to the Cucurbitaceae in which family also the 
occurrence of urease has been often detected [cf. Klein, 1933]. Though the 
original object of our investigation was only to find a readily available substitute 
for jack or soya bean which could be used under the limitations stated by Van 
Slyke, in the sequel it was found that the seeds of the water melon (Citrullus 
vulgaris) was not only an excellent source of urease, being more active than soya 
bean (though less so than jack bean), but also possessed the advantage that it 
gave rise to insignificant amounts of urea on incubation with blood or liver. 

Defining a unit of urease as that quantity of it which decomposes 1 mg. of 
urea per hour under experimental conditions described later, defatted seed meals 
of jack bean, soya bean and water melons contained in a typical experiment, 
9139, 1374 and 2351 units respectively per g. of dry material. Urea values 
obtained when the three preparations were used under standard conditions were 
in excess of the correct figures (obtained by the xanthydrol method) by 0-58, 
2-14 and — 0-02 mg. respectively with ox blood, and 42-1, 0-56 and — 0-20 mg. 
with ox liver. Blood and liver from other sources were not tried, but results of a 
research still in progress on the nitrogenous constituents of the seeds show quite 
definitely that the water melon seeds contain only traces of free arginine and no 
canavanine and that, in so far as these substrates are concerned, there is no 
possibility of appreciable “‘extra urea” formation when urease from this seed is 
brought into contact with blood or tissues. 

There is no doubt therefore that the use of water melon seeds as a source of 
urease is free from the errors that pertain to the now widely used jack bean or 
soya bean. It is true that such errors can be avoided in the latter case also by 
using purified preparations prepared free from the proteinogenous bases which 
as far as we now know are the sources of the “extra urea”. But the methods of 
preparation in common use, extraction with water and precipitation by acetone 
[Van Slyke & Cullen, 1914] or extraction with 30°% aqueous alcohol [Folin & 
Wu, 1919] are hardly likely to attain this object. The processes involved are as 
likely to concentrate the free amino-acid precursors of urea as the urease 
protein itself. The only justifiable method of purification would be the preparation 
of crystalline urease according to Sumner. This would however deprive the 
urease method of the ease and simplicity which have brought it into such general 
use, and the substitution of urease from Citrullus vulgaris for the jack bean and 
soya bean preparations appears to be the most satisfactory way of avoiding 
the errors mentioned. 

Two other seeds of the Cucurbitaceae, the common gourd (Cucurbita maxima) 
and the snake gourd (T'richosanthes anguina), also show similar properties, having 
high urease activity and producing little or no ‘‘extra urea”’ on incubation with 
biological materials. From our standpoint these seeds are however of less , 
importance than water melon seeds as they are not so abundantly available. 
Among the few seeds of the Papilionaceae examined, Canavalia obtusifolia is 
nearly as rich in urease as the jack bean but like the latter gives rise to consider- 
able amounts of “extra urea”’ in presence of liver. 
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EXPERIMENTAL 


Methods. All urea determinations were carried out according to the standard 
methods described by Peters & Van Slyke [1932] except that (i) digestion with 
urease and aeration were carried out at 30° instead of at 20°, and (ii) in blood 
urea estimations the maximum period considered permissible by these authors, 
viz. 15 min., was allowed for urease action, instead of the 5 min. generally 
recommended by them. 

Urease activity of different seeds 


Preparation of seed meal. The seeds were crushed, freed from husk and finely 
ground. While seeds like Canavalia ensiformis, C. obtusifolia, Soja hispida and 
Dolichos biflorus yielded fine powders by this treatment, more fatty varieties 
(Citrullus vulgaris, C. colocynthis, Trichosanthes anguina, Cucurbita maxima) 
were obtained in a pasty condition. In all cases, weighed samples were taken out 
simultaneously for determinations of urease activity and of moisture. Defatted 
preparations were obtained by grinding up the powder or paste with light 
petroleum (B.P. 50-60°) washing at the pump 3 or 4 times with the latter and 
finally drying at room temperature in a current of air. In the case of soya bean 
a freshly obtained commercial preparation was also used for comparison. 

For experiment the materials were made up to uniform suspensions con- 
taining 1 g. in 100 ml. of water, 1 ml. of the suspension being added to each 5 ml. 


Table I. Urease content of different seeds 


Reaction mixture: 5 ml. of urea solution, 1 ml. of enzyme suspension, 
allowed to act 15 min. at 30° 
Urease units (mg. 
urea split per g. dry 
weight of material 
per hour) 
mg. dry ml. —— 
weight of N/10 NH, Before After 
Seeds tested seed meal formed defatting defatting 
Canavalia ensiformis, jack bean 8-758 6-44 8822 _— 
8-646 6-59 — 9139 
C. obtusifolia 8-974 4-36 5826 — 
8-971 4-55 “= 6088 
Cucurbita maxima, common gourd (squash) 9-454 1-08 1376 — 
8-748 2-24 — 307: 
Citrullus vulgaris, water melon 9-583 0-92 1152 
8-650 1-69 — 
Trichosanthes anguina, snake gourd 9-557 0-58 734 
8-818 1-17 _— 
Soja hispida, soya bean 8-892 0-49 657 
8-063 0-92 — 
S. hispida, soya bean (B.D.H.) 9-170 0-68 892 
8-598 0-88 — 
Citrullus colocynthis, colocynth 9-574 0-49 
8-482 0-95 


Dolichos biflorus, horse-gram 8-674 0-29 
8-654 0-49 
Momordica charantia, bitter gourd 9-537 0-18 
Benincasa cerifera, white gourd 9-560 0-05 
Lagenaria vulgaris, bottle gourd — — 
Cucumus sativus, cucumber —- - 
C. melo, melon -—— 
Luffa acutangula, luffa — — 
Coccinia indica, scarlet gourd — — 
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of a molar solution of urea (in M/4 phosphate buffer) in a Van Slyke & Cullen 
aeration apparatus. The reaction mixture was allowed to stand at room tem- 
perature (30°) for 15 min., at the end of which time 2 ml. of 10° NaOH were 
added and the ammonia determined by aeration. The results in Table I are 
typical of those obtained in numerous experiments carried out with different 
batches of enzyme preparations. It is apparent from the values that three seeds 
belonging to the Cucurbitaceae have a higher urease content than soya bean 
and that the potency of these seeds is more than doubled by preliminary treat- 
ment with light petroleum. 


Urea formation from urease preparations in presence of ox blood 


Oxalated ox blood obtained fresh from the slaughter-house and immediately - 
brought to the laboratory in ice was used in all the experiments. Urea was 
determined (i) gravimetrically by the xanthydrol method [Fosse et al. 1914], 
and (ii) using different urease preparations, the difference giving the “extra 
urea”’ formed during the reaction by the action of blood enzymes on substrates 
in the urease. For the first method it was found convenient to work with fairly 
large amounts of blood. 50 ml. were usually taken, mixed with an equal volume 
of water and deproteinized using Folin’s tungstic acid reagent. The precipitate 
was thoroughly washed, the filtrate and washings evaporated to a small volume 
and then treated in the usual way with glacial acetic acid and a 10% methyl 
alcoholic solution of xanthydrol. After standing overnight the precipitate was 
washed thoroughly with water and methyl alcohol by centrifuging, then at the 
pump in a weighed Jena glass filter, dried at 100° and weighed. Trial experi- 
ments showed that added urea could be quantitatively recovered by this pro- 
cedure. For determination of total urea (blood urea plus urea from the urease 
preparation) by the urease method 5 ml. of the oxalated blood were used. 
Determinations were made not only under the standard conditions but also 
using a much larger concentration of urease (50° suspension) as well as with 
longer reaction periods (30 min. and 2 hr. respectively). Preformed ammonia 
was in every case determined in a blank experiment and allowed for. 


Table II. Blood urea determinations with different urease preparations 


mg. urea/100 ml. blood 





( — oe 
Quantity of urease Xanthy- 
Blood Sources of used for each Reaction drol Urease Excess 
sample urease determination time method method urea 
1 Jack bean 2 ml. of 10% 15 min. 26-90 27-48 0-58 
suspension 
Canavalia obtusifolia a - 26-90 27-48 0-58 
Water melon Zs =e 26-90 26-88 — 0-02 
Common gourd Me Bs 26-90 26-88 —0-02 
2 Colocynth o a 62-14 62-14 0-00 
Snake gourd * a 62-14 62-60 0-46 
Soya bean a = 62-14 64-28 2-14 
Horse-gram a - 62-14 64-70 2-56 
3 Water melon os 2 hr. 10-95 10-92 — 0-03 
Jack bean a ee 10-95 15-20 4:25 
4 Soya bean a 7s 35-00 40-62 5-62 
C. obtusifolia < i 35-00 38-98 3-98 
5 Jack bean 1 ml. of 50% 30 min. 31-00 31-72 0-72 
suspension 
Soya bean os ai 31-00 39-40 8-40 
6 Water melon a e 12-24 12-42 0-18 


C. obtusifolia = ~ 12-24 17-14 4-90 
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The results of Table II are self-explanatory. Using for each determination 
2 ml. of a 10% suspension of the enzyme with a reaction time of 15 min. at 30° 
both jack bean and soya bean give rise to appreciable amounts of ‘“‘extra urea”’ 
in presence of ox blood, the quantity of urea formed being greater with soya 
bean than with jack bean. The use of larger concentrations of enzyme or of 
longer periods of reaction considerably increases the urea production, but the 
two effects do not run parallel in the two preparations. On the other hand, 
urease from the seeds of the water melon, of the common gourd, and of the 
snake gourd give blood urea values which are in close agreement with those 
obtained by gravimetric determination as dixanthylurea. Increase in the 
quantity of enzyme preparation or prolonging the period of action to 2 hr. does 
not give rise to appreciable error. 


Urea formation from urease preparations in presence of minced liver 


Fresh ox liver was washed free from blood, minced finely and a weighed 
amount ground up thoroughly with distilled water. The material was squeezed 
through muslin and the uniform suspension made up to volume. Aliquots were 
removed for urea determination by the urease and the xanthydrol methods. 
The results, after allowing for the blank determinations for free ammonia, are 
given in Table III. Both jack bean and soya bean give rise to abnormally high 


Table III. Liver urea determinations with different urease preparations 


mg. urea/100 g. of liver tissue 
Quantity of urease Xanthy- 
Liver Sources of used for each Reaction drol Urease Excess 
sample urease determination time method method urea 

1 Jack bean 2 mi. of 10% 15 min. 12-42 54-52 42-10 
suspension 
12-42 42-28 29-86 
12-42 12:22 -0-20 
12-42 13-16 0-74 
12-42 14-10 1-68 
12-42 12-68 0-26 
Soya bean 10-36 10-92 0-56 
Horse-gram 10-36 10-92 0-56 
Jack bean 2 hr. 6 59-76 51-16 
Soya bean , 15-96 7-36 
22-74 0-02 
43-88 
124-23 


Canavalia obtusifolia 
Water melon 
Common gourd 
Snake gourd 
Colocynth 


Water melon 

C. obtusifolia a 22-73 66-60 

Jack bean 1 ml. of 50% 30 min. ° 22 142-46 
suspension 

C. obtusifolia a 137-71 119-48 

Water melon ia 19-00 0-77 

Soya bean i = 24-69 6-46 


values. Jack bean and Canavalia obtusifolia give values which are many 
times the preformed urea even under the standard conditions of urea concen- 
tration and time of reaction; soya bean gives rise to slightly raised values under 
these conditions and to more flagrant error on prolonging the time of incubation. 
With the preparation from water melon seeds, the correctness of the results is 
unaffected by prolonging the reaction period to 2 hr., and only very slightly 
affected by using five times the usual quantity of enzyme. 
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SUMMARY 


1. The seed of the water melon (Citrullus vulgaris) is shown to be a potent 
source of urease suitable for use in urea determinations. 

2. Water melon urease is, for this purpose, distinctly superior to soya bean 
and jack bean preparations because it determines urea quantitatively even in 
such materials as whole blood and liver which give abnormally high values when 
the latter sources of urease are used. 

3. Using jack bean or soya bean with ox blood and liver it is shown that 
abnormal values are obtained even under standard experimental conditions, 
while on increasing either the time of action or the concentration of the enzyme, 
the errors are considerably aggravated. Such effects are found to be negligible 
with water melon seeds. 


We are indebted to the kindness of Prof. T. Ekambaram of the Presidency 
College, Madras, for the botanical identification of many of the seeds examined. 
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CONSIDERABLE differences in experimental methods and wide variations in the 
purity of the antigens used have contributed to great confusion in the literature 
concerning the antigenicity of the serum proteins and especially of the albumin 
fraction. That serum albumin is an antigen giving rise to specific precipitin 
formation [Michaelis, 1902; Hektoen & Welker, 1924; Kimura, 1928] is directly 
contradicted by workers who find that albumin has no antigenic properties [Nolf, 
1900; Landsteiner & Calvo, 1902; Linossier & Lemoine, 1902; Ruppel e¢ al. 
1923]. In view of the recent separation of albumin into crystalbumin and a new 
protein seroglycoid [Hewitt, 1936; 1937] an attempt is made in the present paper 
to clarify the situation. 
EXPERIMENTAL 


Preparation of antigens 


The antigens employed were all derived from horse serum which was 
fractionated as follows. Serum (1 vol.) was mixed with water (1 vol.) and 
saturated ammonium sulphate solution (1 vol.). The precipitated euglobulin 
was filtered off, redissolved, reprecipitated with one-third saturated ammonium 
sulphate solution, filtered off and dialysed free from salts. The dialysate was 
diluted with 4 vol. of distilled water and the reaction was adjusted to pH 5-9. 
It is interesting to note that in adjusting the reaction hydrochloric acid is much 
more effective in precipitating euglobulin than is acetic acid. The precipitated 
euglobulin was centrifuged down, washed with water, dissolved in 4% saline 
and dialysed. This isoelectric precipitation of the euglobulin was repeated three 
times. Finally the euglobulin solution was neutralized and sterilized by filtra- 
tion through a Seitz filter. 

To the one-third saturated ammonium sulphate filtrate from the euglobulin 
precipitate was added more ammonium sulphate solution, raising the ammonium 
sulphate concentration to one-half saturation, thus precipitating the pseudo- 
globulin. The precipitated pseudoglobulin was filtered off and dialysed, and the 
dialysate was diluted with 4 vol. of distilled water. Euglobulin was removed by 
adjusting the reaction to pH 5-9 and centrifuging. The pseudoglobulin was then 
separated into two fractions, A being precipitated by 40 % saturated ammonium 
sulphate solution, and B not precipitated by 40% but by 50% saturated 
ammonium sulphate solution. After several reprecipitations the protein preci- 
pitates were filtered, dialysed etc., as described in the case of euglobulin. 

After removal of the globulins crystalbumin was obtained from the filtrate 
by addition of acetic acid and repeated recrystallization and seroglycoid was 
separated from the mother-liquors as previously described [Hewitt, 1936; 1937]. 

( 1047 ) 
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Anaphylactic tests 


Guinea-pigs were sensitized by a single intraperitoneal injection and tested 
by an intracardiac injection several weeks later. 


Preparation of precipitating sera 

Rabbits were subjected to a course of immunization consisting of twice 
weekly injections of doses increasing from about 10 mg. of protein up to 200- 
500 mg. over a period of 4-6 weeks. The first four doses were administered 
intravenously but the subsequent injections in the course were made intra- 
peritoneally owing to the frequent occurrence of anaphylactic deaths if the 
intravenous route was continued. One week after the final injection the rabbits 
were bled from the ear vein. 

Precipitin tests 

The method of performing precipitin tests was based on the optimum pro- 
portions technique of Dean & Webb [1926]. Precipitating sera, diluted one in 
twenty in saline, were mixed in 0-5 ml. quantities with 0-5 ml. of a series of 
dilutions of the antigen. After mixing, the tubes were allowed to stand at room 
temperature and were inspected periodically for the appearance of opalescence 
or flocculation. Serum absorption was effected by mixing the optimum propor- 
tion of diluted antigen with undiluted serum, allowing to stand for 18 hr. in the 
ice chest and centrifuging down the deposit. 


Results of precipitin tests 


In order to save space it is not proposed to give in detail the results of the 
very large number of precipitin tests performed but merely to summarize the 


most important results. 

Rabbits injected with euglobulin yielded a serum reacting with euglobulin 
and to some extent with pseudoglobulin. The pseudoglobulin precipitin was 
absorbed, leaving a serum reacting specifically with euglobulin. 

Pseudoglobulin injections produced sera giving heavy specific precipitates 
with pseudoglobulin and slight precipitates with euglobulin. No evidence was 
obtained of the existence of antigenically different pseudoglobulin fractions. 

The first rabbits injected with albumin received the total albumin fraction and 
they yielded sera reacting well with the homologous antigen. Although the 
rabbits were injected twice weekly two out of nine rabbits after the sixth and 
seventh intravenous doses died suddenly with symptoms of anaphylactic shock. 
Heart blood was removed from these rabbits after death and revealed the presence 
of considerable amounts of anti-albumin precipitin. In all the other experi- 
ments described in this paper only the injections during the first fortnight of 
immunisation were given intravenously, the subsequent doses being administered 
intraperitoneally. 

In the next experiment three rabbits received a course of 9 twice-weekly 
injections of purified crystalbumin. The rabbits were bled a week after the last 
injection but none of the sera showed any trace of precipitation with crystalbumin 
or other albumin fractions. Two subsequent courses of injections after intervals 
failed to cause precipitin formation. It was thought possible that the rabbits 
selected were unusually resistant to antigenic stimulus, so they were given four 
injections of normal horse serum. The sera taken a week later gave in each case 
good precipitation with normal horse serum but still not with crystalbumin, 
showing that the rabbits responded normally to antigens and that the original 
failure to form antibodies was due to the feeble antigenicity of crystalbumin. 
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The precipitating sera obtained by injecting the total albumin fraction were 
found to react not with purified crystalbumin but only with fractions containing 
seroglycoid, and the dilutions of antigen with which the sera reacted optimally 
conformed to the view that seroglycoid and not crystalbumin was the active 
antigen. In order to obtain confirmation of this, quantitative precipitin reactions 
were carried out on the lines of those of Heidelberger & Kendall [1932]. After 
preliminary experiments to ascertain suitable conditions a fixed quantity of 
serum (in each case 0-2 ml. of rabbit serum) was mixed with an appropriate 
dilution of each of various fractions. After standing in the ice-chest overnight 
the precipitates were centrifuged down, washed with 2 ml. of saline and trans- 
ferred to Kjeldahl flasks for micro-determination of the nitrogen content. The 
results are given in Table I. 














Table I. Nitrogen (in mg.) present in antigens and precipitated by 0-2 ml. 
of rabbit serum 







Antigen N 






















e ~~ 
Fraction Total protein Crystalbumin, etc. Seroglycoid Precipitate N 
1 0-29 0-05 0-24 0-32 
2 0-29 0-08 0-21 0-29 
3 1-43 1-08 0-35 0-28 
4 1-43 I-37 0-26 0-40 
5 1-43 1-26 0-17 0-21 
6 14-0 13-76 0-24 0-26 
7 16-3 16-18 0-12 0-10 









It will be seen at once that the amount of nitrogen precipitated is quite 
independent of the total protein nitrogen in the antigen and of the quantity of 
crystalbumin. The amount of precipitate is, however, roughly proportional to 
the amount of seroglycoid present, thus supporting the suggestion that sero- 
glycoid and not crystalbumin is the antigen concerned in antibody formation. 
The relationship between the amount of precipitate and the quantity of sero- 
glycoid present in the antigen is not rigidly quantitative and one of the principal 
reasons for this is probably the presence in the antigens of pseudoglobulin. It 
might be expected, after removal of the bulk of pseudoglobulin by half-satura- 
tion with ammonium sulphate, that the remainder would be removed with the 
next fraction precipitated, that is, in the crystalbumin fraction. Actually, how- 
ever, it was found that nearly all the seroglycoid fractions from the mother- 
liquors contained a certain amount of pseudoglobulin, and in one or two cases 
this constituted nearly 10°% of the total protein present. This has a profound 
effect on the antigenic behaviour of albumin fractions since pseudoglobulin is a 
very potent antigen. The presence of pseudoglobulin precipitin in the serum and 
varying amounts of pseudoglobulin in the various fractions accounts partially 
for the irregularities in the rigid quantitative relationship between the sero- 
glycoid present and the precipitated nitrogen. It is interesting also to note how 
relatively little antigen-antibody precipitate is produced compared with the 
amount of seroglycoid present. It is possible that the ready solubility of sero- 
glycoid may cause incomplete precipitation and great losses of the precipitate 
during washing and centrifuging, but this explanation is put forward with reserve, 
since the possible intervention of some other antigen cannot be ignored. 

The complexity of the antigenic behaviour of albumin fractions is well illus- 
trated in the case of a rabbit immunized with a mixed seroglycoid fraction. This 
rabbit, which apparently reacted exceptionally well to antigenic stimulus, yielded 
a serum showing some precipitation with all dilutions of the homologous antigen 
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up to a dilution of one in a million (using serum diluted 1 in 20 as usual). By 
means of specific absorption with optimum proportions of purified antigens and 
investigating the behaviour with different fractions the precipitin reaction 
could be analysed and split into four zones due to separate antigens. The 
heaviest precipitation zone was due to pseudoglobulin in which case flocculation 
occurred first at a dilution of 1 in 3000 of pseudoglobulin. A less marked zone of 
precipitation round about a dilution of 1in 10,000 was traced to seroglycoid, whilst 
a third much fainter zone was due to crystalbumin which reacted optimally at a 
dilution of about 1 in 300,000. Although faint this precipitation with crystal- 
bumin was quite definite. When purified crystalbumin containing 0-023 mg. of 
nitrogen was added to 1 ml. of the serum, it was found that the washed pre- 
cipitate contained 0-128 mg. of nitrogen. Occasional rabbits, which respond 
exceptionally well to antigenic stimulus do apparently form small amounts of an 
antibody to crystalbumin. A fourth zone of faint precipitation present in some 
antisera may be due to the presence of an antibody to mucoid which is present 
in very small amounts in some albumin fractions but which is not readily isolated 
except by drastic heating processes likely to alter antigenic functions. It is 
evident that the complexity of the albumin fraction must make the corresponding 
precipitin sera produced of great complexity and difficult to study unless 
purified antigens are employed. 


Anaphylactic experiments 


Guinea-pigs sensitized by an intraperitoneal injection of crystalbumin, 
seroglycoid or pseudoglobulin were killed rapidly with the usual symptoms of 
anaphylactic shock when injected intracardially with the homologous antigen 
4 or 5 weeks later. Taking account, however, of the individual variation amongst 
experimental animals and since even the purest antigens so far obtained contain 
at least traces of other proteins it is evident that the method of observing ana- 
phylactic death does not lend itself readily to quantitative differentiation of 
different protein fractions. The purest antigen used, crystalbumin, sensitized 
guinea-pigs in intraperitoneal doses of 5 mg. and caused anaphylactic death in 
intracardiac doses of 50 mg. administered 5 weeks later. 


Discussion 


It is not easy to summarize briefly the confused literature dealing with the 
antigenic behaviour of the serum proteins. Not only was the optimum propor- 
tions technique [Dean & Webb, 1926] not available to earlier investigators but 
the antigens employed have been prepared by a different method by nearly every 
investigator and no criteria of purity have been described. This is especially 
true in the case of serum albumin. Some workers have subjected albumin to 
repeated crystallization before use, whilst Doerr & Berger [1922] used albumins 
subjected to a single precipitation. They used two fractions, one precipitated 
between the limits 54 and 65 % saturation of ammonium sulphate, and the other 
between the limits of 66 and 99 % saturation. Hektoen & Welker [1924] describe 
as albumin the protein precipitated in the range 64-100% saturation with 
ammonium sulphate. In view of these differences it is, perhaps, not surprising 
that, as mentioned in the introduction to this paper, opinions are divided between 
those who maintain that serum albumin is non-antigenic, those who claim that it 
is a specific antigen and others who think that it is a mixture of two antigens. 

Dale & Hartley [1916], using the sensitized guinea-pig uterus method, observed 
the specificity of euglobulin and of serum albumin, the feeble antigenicity of the 
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latter being suggested by the slow development of sensitivity. Employing the 
anaphylactic death of guinea-pigs Doerr & Berger [1922] not only observed the 
specificity of euglobulin but attempted to demonstrate a quantitative difference 
between two albumin fractions. Unless, however, an extremely large number of 
animals is used and the results are subjected to statistical analysis it is impossible 
to detect small quantitative differences between the compositions of different 
mixtures of antigens by the anaphylactic death method. The work of Hektoen & 
Welker [1924] on the precipitins prepared against serum proteins suffers from 
the disadvantage of being carried out before the optimum proportions method 
was available and before serum albumin had been fully fractionated. These 
workers obtained some evidence of the existence in serum of three specific anti- 
gens, namely euglobulin, pseudoglobulin and albumin, to which must be added 
mucoid [Lewis & Wells, 1926]. This last is present only in very small amounts 
and is difficult to purify except by damaging processes involving the use of 
heating. Two zones of precipitation with serum proteins were ascribed by 
Goldsworthy & Rudd [1935] to globulin and albumin respectively. Indirect 
evidence of the complexity of the serum albumin fraction [Taylor et al. 1934] 
was attributed by Goldsworthy & Rudd to the presence of globulin. 

The recent separation of two distinct and characteristic proteins from the 
albumin fraction [Hewitt, 1936; 1937] has made it necessary to investigate the 
antigenicity of the albumin fraction in greater detail than was possible formerly. 
It is now found that carefully purified crystalbumin, which constitutes about 
85% of the serum albumin fraction, is only feebly antigenic. In the majority of 
the rabbits employed its injection did not elicit the production of any detectable 
amount of antibody, but in a few rabbits a small amount of crystalbumin 
precipitin was detected. The other principal constituent of the albumin is sero- 
glycoid which appears to behave as a reasonably good antigen and is responsible 
for much of the antigenic function of serum albumin. Traces of pseudoglobulin 
are present, however, in many seroglycoid fractions and this protein is so 
potent an antigen that the pseudoglobulin-precipitating power of the serum 
prepared against the fraction may mask the presence of other precipitins. 
Traces of mucoid are also present in some fractions and it is possible that anti- 
body to this protein may be present in some sera. It is not surprising, therefore, 
to find that in rabbits reacting well to antigenic stimulus the injection of the 
total serum albumin fraction may be followed by the appearance in the rabbit's 
serum of three or four precipitins corresponding to the crystalbumin, sero- 
glycoid, pseudoglobulin and mucoid present. Although in a given fraction the 
antigens pseudoglobulin, seroglycoid and crystalbumin may be present in the 
ratios 1 : 10 : 70, the corresponding antibodies in a serum prepared by injecting 
this mixed antigen may be present in the ratios 1 : 0-6 : 0-03. 

It is now possible to understand some of the contradictory conclusions found 
in the literature. There is little doubt that crystalbumin itself is a very poor 
antigen and those workers who have failed to detect antibodies to serum 
albumin were probably working with purified specimens of crystalbumin. On 
the other hand most of the workers who describe good precipitating sera pre- 
pared against serum albumin were probably working with an antibody to 
a seroglycoid fraction or even, in some cases, with a pseudoglobulin precipitin. 

Goettsche & Kendall [1935] have described a method for the determination of 
serum albumin by means of the precipitin reaction. They suggest that it is un- 
necessary to use a pure antigen for the preparation of the serum to be used and 
that cross-reactions with globulins may be ignored since the precipitating serum 
is standardized against a serum protein solution of known albumin content. In 
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view, however, of the great complexity of the reaction between mixed albumin 
fractions and the corresponding antisera it is probable that results of a high 
degree of accuracy cannot be expected. With whole sera in which the ratio of 
the various proteins remains constant comparative results may be of some 
value, but with separated albumin fractions of varying composition it is evident 
that the method cannot be used, and it is probably unsafe to apply the method, 
as has been done, to protein solutions of unknown composition, such as ascitic 
fluids. 

Euglobulin is a specific antigen but does not occur in detectable amounts in 
albumin fractions. Mucoid is present in serum only in traces and is probably 
antigenic. 

SUMMARY 


1. The antigenic function of serum albumin is due mainly to seroglycoid and 


to traces of pseudoglobulin. 
2. Crystalbumin, which constitutes the bulk of the albumin fraction, is only 


feebly antigenic. 

3. In blood serum there are at least five specific antigens, namely, euglobulin, 
pseudoglobulin, crystalbumin, seroglycoid and probably mucoid. These differ in 
their antigenic potencies. 
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INVESTIGATIONS on the carbohydrates of the cell wall, and particularly of the 
chemically allied group of mucilages, have pointed very clearly to the necessity 
of more accurate methods for the determination of methylpentoses. Thus whilst 
the investigations on the determination of furfuraldehyde which were described 
in Parts I and II of this series [Norris & Resch, 1935; Angell et al. 1936] were 
proceeding, parallel studies on methylfurfuraldehyde were instituted. 

The methods for determining methylpentoses so far suggested are based on 
the principle that these sugars on distillation with diJute hydrochloric acid yield 
methylfurfuraldehyde which may be determined by precipitation or titrimetric 
methods. The method as originally devised by Ellett & Tollens [1905], and later 
extensively used by many investigators for determining methylpentoses in the 
presence of pentoses, appears to be subject to considerable inaccuracy for 
reasons to be described in a later communication, and hence it becomes desirable 
to seek improved methods for determining these substances where they occur 
together in plant materials. 

Before new methods can be developed it is essential to make a propaedeutic 
study of the elementary principles concerned in the analytical procedure con- 
templated. For this purpose investigations were undertaken to ascertain the 
various factors responsible for the anomalous results obtained in the deter- 
mination of methylfurfuraldehyde when distilled as such and also when it arises 
from the decomposition of methylpentoses. 


EXPERIMENTAL 
Preparation of methylfurfuraldehyde 


For the present investigation a large supply of methylfurfuraldehyde was 
necessary, and this was prepared in the laboratory. 

Since Stenhouse [1850] first discovered ‘‘metafurol”, there have been several 
references in the literature to the preparation of methylfurfuraldehyde from 
various plant materials, and more recently synthetic methods have appeared. 
After preliminary trials, one of the latter methods was chosen by us as a 
convenient means of preparing methylfurfuraldehyde. w-Chloromethylfurfur- 
aldehyde was prepared from sucrose, following the directions of Fischer & 
Neyman [1914], and subsequently reduced with stannous chloride according to 
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the procedure of Fenton & Gostling [1901]. Only small quantities of the alde- 
hyde were prepared at a time and these were used for experimental purposes 
as soon after their preparation as was convenient. 

When required for use, the sample was distilled in a semimicro-distillation 
apparatus, only that portion of the distillate boiling between 185-187° (corr.) 
being collected. The distillate was then redistilled in vacuo, the liquid passing 
over directly into a tared weighing bottle until the quantity required, as 
indicated by graduations on the bottle, was obtained. After reweighing, the 
methylfurfuraldehyde was poured into 13-15% hydrochloric acid, the bottle and 
the stopper thoroughly washed out with the acid, and the solution made up to 
volume. 

The distillation procedure employed will be described completely in a sub- 
sequent communication. It will suffice here to remark that it was essentially 
the same as that used by Kullgren & Tyden [1929], with the exception that 22 g. 
salt were used instead of 20 g. as recommended by them. The distillation 
apparatus used in this work, unless stated to the contrary, was that which has 
been adopted as standard in these laboratories and described in previous com- 
munications [Angell et al. 1936]. 

In the majority of cases thiobarbituric acid was used for precipitating the 
methylfurfuraldehyde, chiefly because it yields precipitates of known and 
constant composition, which are quite insoluble, and hence methylfurfuraldehyde 
can conveniently be calculated by multiplying by a simple factor. However, 
greater accuracy can be obtained if the results are calculated by means of an 
equation based on experimental findings, and hence for the work discussed in 
this paper methylfurfuraldehyde has been calculated in this way. Full details 
of the method employed will be described later. 


Factors influencing the decomposition of methylfurfuraldehyde 


According to the conventional equation representing the formation of 
methylfurfuraldehyde from rhamnose, the latter should yield 60-43% of its 
weight of methylfurfuraldehyde. 

In practice, however, the yields are always very much smaller than this, the 
actual quantity produced depending primarily on the mode of distillation 
employed and secondarily to a less extent on the amount of rhamnose used. 
Quotations cited in the literature would indicate that many workers in the past 
have assumed erroneously that not only methylpentoses, but pentoses also, 
always yield the same percentage weight of (methyl)furfuraldehyde under the 
same conditions of distillation and determination. Actually the percentage 
yields obtained increase with the weight of product used. 

In order to study the behaviour of methylfurfuraldehyde-hydrochloric acid 
solutions upon distillation, freshly prepared solutions in 13-15 °% HCl of methyl- 
furfuraldehyde in different concentrations were distilled according to our 
standard procedure for methylpentoses in the presence of 22 g. salt, and the 
methylfurfuraldehyde (Mef.) in the distillate was precipitated by means of 
thiobarbituric acid. 

The results obtained (Table I) show that by this treatment the decomposition 
during distillation is of the order of 26-28 % , the mean error of experiment being 
+0-8%. 

It is evident that this decomposition is variable with the conditions of 
experiment and it is obviously of the first importance that the latter should be 
standardized for quantitative purposes. The low yield obtained is due chiefly 
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Table I 


Mef. cale. 

Wt. of Mef. Wt. of ppt. from ppt. Recovery 
&- g- g- 7 

0-0511 0-0784 0-0369 

0-0790 0-0372 

0-0780 0-0367 

0-0799 0-0376 

0-1022 0-1560 0-0727 

0-1547 0-0721 

0-1620 0-0754 

0-1630 0-0759 

0-1487 0-2264 0-1050 

0-2263 0-1050 

0-2354 0-1092 

0-2312 0-1073 

0-3068 0-1421 

0-3168 0-1467 

0-3144 0-1456 

0-3169 0-1468 


Average 
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Average 72-6 


to two causes: (1) oxidation of methylfurfuraldehyde; (2) action of the acid, 
depending on its concentration. 

Effect of oxidation. It has frequently been observed that methylfurfural- 
dehyde-hydrochloric acid solutions became discolored on standing, with de- 
position of brown sediments which appear to be of a humin-like nature. In order 
to determine whether the production of these substances involved a lowering in 
methylfurfuraldehyde yield, solutions of the latter were prepared and allowed to 


remain in bottles in the dark for a period of 2 months. At the end of this time 
the contents were shaken, aliquots withdrawn and methylfurfuraldehyde deter- 
mined as previously, with the results shown in Table IT. 


Table IT 


Mef. cale. 
Wt. of Mef. Wt. of ppt. from ppt. Recovery 
g- g. g. % 
0-0527 0-0537 0-0255 48-4 
0-0555 0-0264 50-1 
0-0562 0-0267 50-7 
0-0553 0-0263 49-9 
0-1054 0-1114 0-0521 49-4 
0-1105 0-0517 49-1 
0-1142 0-0534 50-7 
0-1145 0-0535 50-8 
0-2108 0-2163 0-1004 47-6 
0-2144 0-0995 47-2 
0-2171 0-1008 47:8 
0-2175 0-1010 47-9 47-6 


Average 49-1] 


Average 


Thus the total loss of methylfurfuraldehyde arising from the period of 
standing and the distillation amounts to approximately 50%; loss due to the 
latter cause amounts to about 27% (Table I) and hence about 32% of the 
methylfurfuraldehyde is lost during the period of standing. That this change 
involves oxidation to some extent was shown by further experiments in which 
the distillations were carried out in an atmosphere of nitrogen. The apparatus 
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was necessarily modified for this type of experiment to allow of the passage of 
nitrogen through the boiling solutions, and the adaptor at the receiver reached 
below the level of the distillate in order to prevent undue loss of methylfur- 
furaldehyde. The use of salt in the distillation mixture had also to be abandoned 
in this series owing to its tendency to choke the gas delivery tube. Typical results 
are shown in Table IIT. 

Table III 


Mef. cale. 
Wt. of Mef. Wt. of ppt. from ppt. Recovery 
g- g- g- % 
0-0527 0-0937 0-0440 83-5 
0-0941 0-0441 83-7 
0-0968 0-0454 86:3 
0-0940 0-0441 83-7 843 


It will be observed that the distillation of methylfurfuraldehyde in an 
atmosphere of nitrogen reduces the amount of decomposition to about 16%, 
the mean error of experiment being +1-4%. This would seem to imply that 
when methylfurfuraldehyde is distilled as is customary in air, the decomposition 
is due in part to oxidation, most of which must occur in the distillation flask. 
In this respect it is significant that the solutions which had been distilled in 
nitrogen were only slightly discoloured and deposited no humic substances. 

The improvement in yield produced by the use of nitrogen was also illustrated 
in the case of rhamnose, Table IV showing comparative yields with and without 
the passage of nitrogen and also in the presence or absence of salt. 


Table IV 
Methylfurfuraldehyde 


coi = ——EEE 


Wt. of Cale. 
rhamnose Wt. of ppt. Theory from ppt. Recovery 
g- g- g- g- % 
A. Distilled in air with salt 
0-1003 0-0784 0-0606 0-0369 61-2 
0-0783 0-0369 61-2 
B. Distilled in air without salt 
0-1003 0-0582 0-0606 0-0276 a 
0-0600 0-0284 46-9 
C. Distilled in nitrogen without salt 
0-1003 0-0682 0-0606 0-0322 53-2 
0-0709 0-0335 a4 54:3 


Average 


In case B there has been no attempt to control possible oxidation or the effect 
of rising concentration of acid, and this shows the lowest yield. In case C 
oxidation has been minimized and the yield is higher; whereas in case A the 
highest yield is obtained although there only acid concentration and not 
oxidation has been controlled. Thus oxidation is clearly not the more important 
of the two factors under discussion, and the preponderant effect is exerted by 
the action of the acid during distillation. 

Effect of acid concentration. In order to demonstrate beyond doubt the 
destructive effect of increasing concentrations of hydrochloric acid on methyl- 
furfuraldehyde a series of experiments was conducted as follows. 

30 ml. portions of a solution of 0-7778 g. methylfurfuraldehyde in 250 ml. 
24% hydrochloric acid were suitably diluted to give solutions each containing 
0-0927 g. of the aldehyde in acid of increasing concentrations. 
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All solutions were distilled in an atmosphere of nitrogen, to lessen decom- 
position by oxidation, at the rate of 25 ml. every 10 min. for 40 min., all the 
methylfurfuraldehyde having then collected in the distillate. It was not possible, 
of course, to maintain the acid at the initial concentration since this was 
liable to undergo change until the concentration of the constant boiling mixture 
was reached. All distillates were precipitated with solutions of thiobarbituric 
acid dissolved in hydrochloric acid to the appropriate concentration (Table V). 


Table V 
0-0927 g. of methylfurfuraldehyde used in each case 


Mef. cale. 
Acid cone. Wt. of ppt. from ppt. Recovery 
g o/ 


0 
° g- g- o 


8 0-1813 0-0843 90-9 
12 0-1656 0-0771 83-2 
16 0-1300 0-0607 65-5 
20 0-0927 0-0435 46-9 
24 0-0591 0-0280 30-2 


Experiments on exactly similar lines were conducted in the case of rhamnose, 
the results being shown in Table VI and discussed at a later stage. 


Table VI 


0-1992 g. rhamnose used in each case, equivalent to 0-1203 g. 
methylfurfuraldehyde (conventional) 
Mef. cale. 
Acid cone. Wt. of ppt. from ppt. Recovery 
; o/ 


0 
g- g- ° 


0-1675 0-0779 64-7 
0-1589 0-0740 61-5 
0-1516 0-0706 58-7 
0-1377 0-0642 53-3 
0-1229 0-0574 47-7 
0-1021 0-0478 39-7 
0-0835 0-0393 32-7 


The necessity for stabilizing the concentration of acid at as low a concen- 
tration as possible is thus effectively demonstrated. That the addition of salt 
to the acid on the lines suggested by Kullgren & Tyden [1929] has a salutary 
effect was shown by determination of the distillation factors in experiments 
conducted without and with the addition of salt. 

The distillation factor is the ratio between the weight of methylfurfuraldehyde 
in the vapour and that in the solution at any given time during the distillation, 
and may be expressed as: 


7 


V a 
k=— x log, anes 


where ’=mean volume of “‘distilland”’ in flask, 
v=volume of distillate withdrawn at any particular stage in the 
distillation, 
a=total weight of methylfurfuraldehyde remaining to be distilled, 
a—x=wt. of methylfurfuraldehyde in v ml. of distillate. 


In the case of furfuraldehyde, Kullgren & Tyden found the value of k to be 
approximately constant. 
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In the present instance the methylfurfuraldehyde in small aliquots of the 
distillate was determined by titrimetric means, with the results shown in 
Table VII. 

Table VII 


I. Ellett & Tollens distillation 


A. Total original methylfurfuraldehyde, 0-0285 g. 
Weight of methylfurfuraldehyde 





Distillate 7 - Vol. of i 
sample xg. a a-x distilland ,_ r x 2-303 log ae 
v ml. in v ml. g. g. V mi. v Ma-x 
5 0-0158 0-0285 0-0127 97-5 15-8 
5 0-0075 0-0127 0-0052 92-5 16-5 
10 0-0011 0-0052 0-0041 85-0 2-0 
10 0-0030 0-0041 0-0011 87-5 11-5 
10 0-0009 0-0011 0-0002 90-0 15-3 
10 0-0002 0-0002 0 80-0 _ 
B. Total original methylfurfuraldehyde, 0-0300 g. 
5 0-0170 0-0300 0-0130 97-5 16-3 
5 0-0072 0-0130 0-0058 92-5 15-3 
10 0-0021 0-0058 0-0037 85-0 3:8 
10 0-0027 0-0037 0-0010 87-5 11-4 
10 0-0008 0-0010 0-0002 90-0 14-5 
10 0-0002 0-0002 0 80-0 _ 
Il. Modified Kullgren & Tyden distillation 
A. Total original methylfurfuraldehyde, 0-0491 g. 
5 0-0333 0-0491 0-0158 97-5 22-1 
5 0-0088 0-0158 0-0070 92-5 15-1 
10 0-0055 0-0070 0-0015 85-0 13-1 
10 0-0010 0-0015 0-0005 87-5 9-6 
10 0-0005 0-0005 0 90-0 — 
B. Total original methylfurfuraldehyde, 0-0468 g. 
5 0-0323 0-0468 0-0145 97-5 22-8 
5 0-0082 0-0145 0-0063 92-5 15-4 
10 0-0048 0-0063 0-0015 85-0 12-2 
10 0-0010 0-0015 0-0005 87-5 9-6 
10 0-0005 0-0005 0 90-0 _ 


It will be observed that in each case the time taken for the methylfur- 
furaldehyde to distil was extremely short, all having passed over in the first 
50 ml. of distillate. 

When no salt is present during the distillation, the distillation factor is not 
constant, and its minimum value is so low as to suggest that considerable de- 
composition is being effected at the stage when the acid concentration has begun 
to rise. 

On the other hand, when the acid concentration is maintained at 13-15% 
by the addition of salt the methylfurfuraldehyde distils over much faster and 
the value of the distillation factor is considerably higher, indicating that less 
decomposition is occurring, but in this case also it does not remain constant, for 
it shows a steady decrease in value until all the methylfurfuraldehyde has 
passed over. However, its minimum value is never so low as to suggest that 
considerable decomposition is taking place at any one period. The gradual 
change in the distillation factor may be attributed to the different periods for 
which the methylfurfuraldehyde in each distillation fraction is exposed to the 
destructive action of the hot acid. 
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Thus, where compromise is in any circumstance unavoidable, the use of salt 
to stabilize the concentration of acid at 13-15°, would appear to offer a satis- 


factory solution. 
Discussion 


Kréber & Rimbach [1902] found that the yields of furfuraldehydephloro- 
glucide from arabinose and xylose reached a maximum when the sugars were 
distilled with acid of 16°% concentration. With more concentrated acid, the 
yields decreased, owing to greater destruction of the furfuraldehyde; with acids 
of lower concentration, the yields were also lower, since the acid was unable to 
break down the sugars completely. Yet with rhamnose, on the other hand, we 
have found that the maximum yield of methylfurfuraldehyde was obtained with 
acid of 2% concentration. Incidentally, the yield with 2% acid was actually 
higher than that obtained from the corresponding quantity of sugar when the 
acid concentration was maintained throughout at 13-15%. This must signify 
that, as compared with the pentoses, rhamnose is very easily attacked by 
hydrochloric acid and the greater part of the methylfurfuraldehyde is formed 
during the initial stages of the reaction. That rhamnose, under the usual con- 
ditions of distillation, yields less than the theoretical amount of methylfur- 
furaldehyde is due very largely to decomposition of the latter for the various 
reasons outlined. But even after correcting for the amount of methylfurfur- 
aldehyde that is destroyed during distillation, there still appears to be a loss due 
to some other cause, for theoretical values are never obtained. 

Our values for the distillation factor show that when methylfurfuraldehyde 
is distilled the amount decomposed depends upon the time of exposure 
to the destructive action of the acid. But when a methylpentose is distilled, the 
concentration of the methylfurfuraldehyde produced at each corresponding 
stage of the distillation will depend upon its rate of formation from the methyl- 
pentose and therefore the amount decomposed will be different from that 
destroyed when a methylfurfuraldehyde-hydrochloric acid solution alone is 
distilled. 

To a certain extent, experimental evidence is available to support this state- 
ment. By interpolation of the results given in Tables V and VI it can be calcu- 
lated that on distillation with acid of 23-5°%, concentration the yield of methyl- 
furfuraldehyde from rhamnose will be the same as that recovered by distillation 
of methylfurfuraldehyde alone, provided that the quantities of each product used 
correspond to those given in the tables. Presumably with acid of this concen- 
tration, the rate of formation of methylfurfuraldehyde from rhamnose is con- 
siderably accelerated, and the average time for the influence of the acid on the 
methylfurfuraldehyde will be very little different from that when methylfur- 
furaldehyde alone is distilled under the same conditions. It would appear, 
therefore, that in this case rhamnose could yield its theoretical amount of 
methylfurfuraldehyde. 

Under normal conditions of distillation, however, such is not the case, the 
relatively slow transformation into methylfurfuraldehyde being accompanied 
by simultaneous degradation of the rhamnose itself into humic substances, and 
the conventional reaction 


C,H,,0, — C,H,O,+3H,O 
probably takes place via a series of intermediate products as suggested by 
Votocek & Rac [1929] and Hurd & Isenhour [1932], all of which at the same 
time may be capable of giving rise to other products besides methylfurfural- 
dehyde, depending upon their rate of formation and subsequent time of exposure 











1060 C. R. MARSHALL AND F. W. NORRIS 


to the destructive action of the acid before being ultimately transformed into 
methylfurfuraldehyde. 

This varying degree of stability towards hydrochloric acid must account, 
in no small measure, for the lower yield of methylfurfuraldehyde obtained by 
Mayer & Tollens [1907] from fucose and by Votocek & Rac [1929] from 2-keto- 
rhamnose, in comparison with that obtainable from rhamnose. 

The production of furfuraldehyde from pentoses has been considered to 
depend in part on the stereochemical configuration of the molecule [Bott & 
Hirst, 1932; Hurd & Isenhour, 1932]. In the present instance we were able to 
substantiate this view by plotting distillation curves for xylose, rhamnose and 
arabinose. Such curves indicate the rate of production of (methyl)furfur- 
aldehyde from the sugar and it was found that this followed the order given. 


SUMMARY 


1. When methylfurfuraldehyde is distilled in hydrochloric acid solution by 
the usual Tollens procedure, about 27% of the aldehyde is destroyed. 

2. The loss is due in part to oxidation, since an improved yield is obtained if 
distillation is carried out in a nitrogen atmosphere. 

3. The preponderant cause of loss is the action of the acid which becomes 
more marked as its concentration increases. 

4. A study of distillation factors shows that it is more satisfactory to distil 
in the presence of salt which stabilizes the acid concentration. 

5. The yield of methylfurfuraldehyde from methylpentoses is not only 
influenced by acid concentration and oxidation but also varies with the stereo- 
chemical configuration of the sugar. Rhamnose appears to decompose more 
readily than the pentoses. 
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CERTAIN animals, for example rats, are apparently able to synthesize ascorbic 
acid in their tissues and do not therefore require vitamin C in their diet. Some 
time ago we attempted unsuccessfully to find the precursor of this synthesized 
ascorbic acid by feeding likely substances such as sugars and their derivatives, 
and estimating ascorbic acid by titration with dichlorophenolindophenol. 
While these experiments were in progress, Guha & Ghosh [1934, 1; 1935, 1] 
published work indicating that certain tissues of the rat, notably the liver, 
when incubated in vitro with mannose produced small amounts of ascorbic acid, 
as determined by titration. In a later publication [1935, 2], they stated that 
injection of mannose into the living rat also led to an increase in ascorbic acid 
as shown by titration of extracts of certain tissues from the freshly killed animal. 
Zuler et al. [1935] were unable to confirm the production of ascorbic acid by rat 
tissues in vitro, but Guha & Ghosh [1936] claimed recently that this was because 
Euler et al. carried out the incubation of the minced tissues in nitrogen, and that 
the synthesis occurred only in oxygen. 

The conversion of mannose into ascorbic acid by animal tissues might, if 
substantiated, be of practical interest in nutrition in view of the claim of 
Rohmer et al. [1935] that young infants do not require vitamin C in the diet, and 
of Banerjee [1934] that giving mannose to infants increases the amount of 
ascorbic acid in the urine, as determined by titration. 

We attempted therefore to repeat the experiments of Guha & Ghosh using 
the conditions specified by them, but our results do not support the view that 
synthesis of ascorbic acid from mannose takes place in presence of minced rat 
liver, nor have we found any evidence of synthesis of the acid from mannose 
after injection of this sugar into the intact animal. 


In the majority of experiments in vitro we used adult rats. The animals were killed by a blow 
on the head and were allowed to bleed, and the liver was then quickly removed and minced finely 
with a Latapie mincer. 0-5 g. of tissue was weighed into a number of 25 ml. conical flasks and 
shaken up with a mixture of 3 ml. Ringer-Locke solution (without glucose) [Liddell & Sher- 
rington, 1929] and 2 ml. M/20 phosphate buffer (pH 7-4) together with 1 ml. mannose (20 mg.). 
In the controls 1 ml. water replaced the mannose solution. The flasks (containing air) were closed 
with rubber stoppers and incubated in a water-bath for 3 hr. at 37°. Following the procedure of 
Guha & Ghosh, the flasks were not usually shaken during incubation. Trichloroacetic acid (6 ml. 
of 10% solution) was then added to each flask and, after shaking, the protein was filtered off and 
the filtrate titrated with 2:6-dichlorophenolindophenol, using the method of Birch et al. [1933]. 
In some cases duplicate titrations were carried out using more dilute trichloroacetic acid followed 
by glacial acetic acid to bring the pH to 2-5 [Guha & Ghosh, 1934, 2], though this procedure did 
not appear to give any increase in the accuracy of the titration. In most cases the ascorbic acid 
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was also determined on samples of minced tissue (with and without mannose) before incubation, 
as shown in columns | and 3 of Table I. A number of different samples of mannose were used in 
our experiments. 


The oxidation of a considerable proportion of the initial ascorbic acid occurs 
during incubation, but comparing the figures in columns 2 and 4 it is clear that 
there is no evidence of formation of ascorbic acid from mannose in vitro. 


Table I 
_ Ing. ascorbic acid per g. liver 


Without mannose With mannose 


After After 


Exp. Initial 3 hr. Initial 3 hr. Remarks 
0-21 0-15 0-22 0-14 _— 
0-24 0-11 0-23 0-10 Ringer with 0-1% glucose 
_ 0-15 — 0-15 Incubated in nitrogen 
0-24 0-14 0-25 0-15 In PO, buffer only 
0-13 — 0-13 — 


0-24 0-11 0-23 0-13 _ 
—_— 0-09 — 0-09 Shaken during incubation 


0-12 — 0-12 -- 
0-09 oo 0-09 Shaken during incubation 


Av. 0-23 012 0-23 0-12 





In most of the experiments on the intact animal we used young albino rats, 
pairs of animals of the same litter being used for comparison with and without 


mannose. Most of the rats had received a mixed diet containing cabbage, but a 
few experiments were done on adult rats which had been maintained for a long 
period on a diet low in vitamin C. The intravenous injections were made into the 
tail vein, 0-5 ml. of a mannose solution containing 20 mg. (200 mg. in one experi- 
ment) being given 5 hr. before killing the rat. The control rats received an equal 
volume of 0-9°% NaCl. In the experiments in which the mannose was injected 
subcutaneously, injections of 20 mg. of the sugar were made on 3 consecutive 
days as described by Guha & Ghosh, the animals being killed 24 hr. after the 
last injection. (In one experiment three injections of 200 mg. mannose were 
given.) Control animals received injections of equal volumes of saline.- After 
killing the animals a weighed amount of the liver (approximately 0-5 g.) was 
well ground with a little acid-washed sand and 10 ml. of 5% trichloroacetic 
acid. After filtering, the extract was titrated with dichlorophenolindophenol. 
The results are shown in Table Il. The bracketed pairs of figures represent 
duplicate experiments. 

With the possible exception of Exp. 1 there is no evidence from these experi- 
ments of any synthesis of ascorbic acid from mannose in the intact animal, 
either after injections of 20 mg. mannose as given by Guha & Ghosh, or after 
injections ten times as large. Considering that different animals were necessarily 
used for the saline and mannose injections the two groups show remarkably 
close values for ascorbic acid. The higher average value for the ascorbic acid 
of liver in Table II as compared with the initial value in Table I is possibly due 
to the fact that young growing rats were used in most of the experiments in 
Table IT. 

In further work Guha & Ghosh [1934, 3] described the preparation of an 
extract from acetone liver which was capable of converting mannose into 
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Table IT 
mg. ascorbic acid per g. liver 
Without With 
Exp. mannose mannose Remarks AS, 
1 0-36 0-45 Intravenous VA ~ 
2 0-40 ise + a 
(0-43 0-38 i‘ ¥ Ww 
3 0-36 0-37 ‘ sv 
; ) a4 Q 
*  foae fos ; Be 
5 0-21 0-20 ‘a (200 mg. mannose) XK > 
6 0-34 0-34 Subcutaneous Ne 
7 es {0-30 sa 
0-31 (0-31 ” 
8 0-34 0-32 aa 
9 0-22 0-23 is (200 mg. mannose) 
Av. 0-32 0-32 


ascorbic acid. They attributed this change to the action of a mannose dehydro- 
genase in the cell-free extract. In an attempt to repeat this experiment we 
prepared acetone rat liver by the method used in the preparation of glucose 
dehydrogenase [Harrison, 1931], and extracted 3 g. of the dry powder by 
grinding with 15 ml. water for 3 hr. in the ice-chest, centrifuging and re- 
extracting with 5 ml. water. Portions of the combined extracts were incubated 
for 3 hr. at 37° and pH 7-0 with 20 mg. mannose and without mannose. The 
total volume of the solution was 6 ml., containing extract equivalent to 3-5 g. 
of fresh liver. Indophenol titration of the solution containing mannose gave 
0-26 mg. ascorbic acid while that without mannose gave 0-23 mg., the difference 
corresponding to less than 0-01 mg. ascorbic acid per g. fresh liver and probably 
lying within the limits of experimental error. 

Though we have been unable to obtain evidence of a synthesis of ascorbic 
acid from mannose, we have, using the Thunberg methylene blue technique, 
confirmed the presence of an active mannose dehydrogenase in rat brain, as 
shown by Euler et al. [1935], and have further found the presence of mannose 
dehydrogenase in rat stomach tissue and in ox brain, though owing to the 
difficulty of obtaining stable preparations of the enzyme we have not so far 
been able to identify the oxidation product of mannose. In view of the fact that 
glucose is oxidized by glucose dehydrogenase to gluconic acid [Harrison, 1932], 
it seems possible that mannonic acid may be formed. The glucose and mannose 
enzymes appear to be distinct however, for we have obtained stable enzyme 
preparations from ox liver and pig kidney which oxidize glucose but not man- 
nose. 

Our experiments give no support therefore to the claim that ascorbic acid 
is synthesized from mannose by rat liver, either in vivo or in vitro. We are unable 
to suggest an explanation for the differences between our results and those of 
Guha & Ghosh, though we would point out that whereas in their earlier papers 
these authors claim an average synthesis in vitro of 0-3 mg. of ascorbic acid 
per g. of liver, their last published results [1936] apparently give an average 
figure only one-quarter as large. 
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SUMMARY 


No evidence could be obtained of synthesis of ascorbic acid from mannose 
by minced rat liver when incubated in Ringer-phosphate buffer solution in 
presence of oxygen. Intravenous or subcutaneous injection of mannose into 
rats produced no increase in the ascorbic acid content of the liver. These results 
do not substantiate the claim of Guha & Ghosh that mannose is converted into 
ascorbic acid by rat liver both in vivo and in vitro. 


The cost of the animals used in this work was covered by a grant from the 
Government Grant Committee of the Royal Society. 
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Note added 25 June 1937. In a recent paper, Ammon & Grave [(1936), Z. 
Vitaminforsch. 5, 185], working under experimental conditions slightly different 
from those of Guha & Ghosh, have been unable to obtain any evidence of 
synthesis of ascorbic acid from mannose by rat liver in vitro. 
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Wir the majority of enzymes, the activity is proportional to the concentration 
of the enzyme. In a few instances, dilution brings about a disproportionately 
rapid decrease in the activity of the enzyme solution or suspension and very 
soon the activity is completely lost. The respiration of the laked erythrocytes 
of the goose decreases rapidly on dilution [Warburg, 1911]. Krebs [1935] 
found that the /-amino-acid deaminase of kidney brei, unlike the d-amino-acid 
enzyme, is sensitive to dilution; a twofold dilution decreased the ammonia 
formation from l-aspartic acid in some experiments by as much as 95%. 
Similar results have been recorded with bacterial enzymes; both the glucose 
dehydrogenase [Yudkin, 1933] and the lactic dehydrogenase [Yudkin, 1937] of 
Bact. coli show a great diminution in activity when the bacterial suspension is 
diluted. These results were shown to be due to the “‘washing out” of a coenzyme 
of the dehydrogenases from the bacterial cells on dilution. The activity of the 
enzymes was restored by the addition of suspensions of heated bacteria, and the 
coenzymes of beth reactions were shown to be probably identical with the 
cozymase of yeast fermentation [Yudkin, 1934; 1937]. 

Several enzymes have been described the activity of which depends on the 
integrity of the cell. Cytolysis results in a considerable and often complete loss 
in the activity of these enzymes. Now lysis of a cell is invariably accompanied 
by a dilution of its contents and it seems therefore likely that, in some instances 
at any rate, the results of lysis are due to dilution. Thus, the glyoxalase activity 
of human red blood cells was almost invariably lost in the cytolysis experiments 
of Jowett & Quastel [1933], whilst Warburg & Christian [1931], in whose experi- 
ments the resultant dilution was not so high, found quite an appreciable residual 
glyoxalase activity. Moreover, just as the results of dilution with the dehydro- 
genases of Bact. coli have been explained by the presence of a coenzyme, so 
Jowett & Quastel were able to restore the glyoxalase activity of the lysed 
erythrocytes by the addition of glutathione, the coenzyme of glyoxalase. 

The behaviour of bacterial enzymes after cytolysis has been studied by Young 
[1929] and Penrose & Quastel [1930]. Working with several strains of Bact. coli, 
lysed by repeated freezing and thawing, Young showed that although the first 
two or three freezings had little effect on the enzymes, some dehydrogenases, 
including those of glucose and lactic acid, were destroyed, whilst others such as 
the formic and succinic dehydrogenases were unaffected. Penrose & Quastel 
used Micrococcus lysodeikticus which is readily lysed by saliva or egg-white. 
Amongst the effects of cytolysis were a complete destruction of glucose dehydro- 
genase, a 70% decrease in lactic dehydrogenase activity, no effect on glutamic 
dehydrogenase and peroxidase, and an increased activity of fumarase and urease. 

The loss of enzymic activity in these bacterial cytolysis experiments has been 
attributed by the workers concerned to the enzyme being bound up with the 
structure of the cell wall, destruction of the latter involving destruction of the 
former. We have seen, however, that the loss of erythrocyte glyoxalase activity 
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on lysis is to be explained by the ‘‘washing out” of a coenzyme. It seemed 
likely, therefore, that the loss of bacterial dehydrogenase activity with cytolysis 
might similarly be explained, particularly in view of the fact that the enzymes 
most affected, glucose and lactic dehydrogenases, have been shown, in Bact. 
coli at any rate, to be associated with a coenzyme. The experiments here 
described were undertaken in an attempt to show whether the decreased activity 
of the bacterial dehydrogenases on lysis was due to the washing out of a coenzyme 
or to their being bound up with the structure of the cell in some unknown way. 


EXPERIMENTAL 


The organisms used were Micrococcus lysodeikticus (National Collection of 
Type Cultures) and a laboratory strain of Bact. coli. They were grown for 18-20 hr. 
in Roux bottles on an agar medium containing a tryptic digest of casein, washed 
twice by centrifuging and suspended in distilled water. The activity of the 
dehydrogenases was determined by the methylene blue technique as described 
in previous papers. 
Experiments with Bact. coli 

A washed suspension of Bact. coli was frozen in liquid air and thawed in 
cold running water, the freezing and thawing operations each occupying 2-3 min. 
The process was repeated a number of times and the activity of the suspension 
in respect of glucose and lactic dehydrogenases was determined and compared 
with that of an untreated portion of the same suspension. The results (Table I) 
show that the lactic enzyme is unaffected by this process, whereas the glucose 
dehydrogenase is inactivated by more than 50%. The difference between these 
results and those recorded by Young is probably due to differences in the 
organisms used. Table I further shows that the addition of coenzyme in the 
form of heated bacteria or a solution of cozymase did not restore the activity of 
the glucose enzyme. 


Table I. Effect of freezing and thawing on the dehydrogenases of Bact. coli 


Reduction time, min. 
Exp. 1 Exp. 2 
Glucose dehydrogenase: (frozen 6 times) (frozen 25 times) 


Before freezing and thawing 6 5-5 

After freezing and thawing 15-25 35 

After freezing and thawing + heated Bact. coli 14 35-5 

After freezing and thawing + cozymase 16 a 
Lactic dehydrogenase: 

Before freezing and thawing 6 a 

After freezing and thawing 6 75 


An attempt was also made to destroy the action of the enzymes by grinding 
the bacteria in a bacterial mill. However, after grinding for 35 min., the activity 
of several dehydrogenases, including those of glucose and lactic acid, were 
unaffected. 

Experiments with Micrococcus lysodeikticus 

Preliminary experiments showed that an ordinary fairly active preparation 
of yeast cozymase and a heated suspension of Bact. coli accelerated the reduction 
of methylene blue by both intact and lysed Micrococcus lysodeikticus even in 
the absence of any substrate and were therefore unsuitable for testing for 
coenzyme activity. It appears that these preparations contain substances 
capable of acting as hydrogen donators in the presence of these organisms. It 
was found that a purer preparation of cozymase or a heated suspension of . 
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lysodeikticus centrifuged four or five times instead of the usual twice, did not 
produce this effect, although both preparations were able to reactivate the 
lactic and glucose dehydrogenases of a diluted Bact. coli suspension. These 
preparations were therefore used in the following experiments. 

(a) Experiments with intact organisms. If strict proportionality exists 
between enzymic activity and dilution, then the product of enzymic activity 
and dilution should be constant for all dilutions. Experiment showed that 
both the lactic and the glucose dehydrogenase of Micrococcus lysodeikticus, as 
those of Bact. coli, are inactivated by dilution ; the product of activity (reciprocal 
of the reduction time) and dilution, which is given an arbitrary value of 100 for 
the undiluted suspension, falls off considerably (Table II). The activity is restored 
by the addition of a heated suspension of Micrococcus lysodeikticus (Table III). 


Table II. Effect of dilution on the dehydrogenases of intact 
Micrococcus lysodeikticus 


Glucose dehydrogenase Lactic dehydrogenase 
——————— ot ——— Ss 
Concentration of Reduction time Activity Reduction time Activity 
suspension min. x dilution min. x dilution 
1 5 100 5 100 
1/2 15 67 12 83 
1/3 30 53 25 60 
1/4 74 27 — — 
1/5 >120 <20 82 31 
1/8 — — >120 <30 
Table III. ‘‘Coenzyme” in dehydrogenations by intact 
Micrococcus lysodeikticus 
Glucose dehydrogenase Lactic dehydrogenase 
eta PN SRE 
Reduction Reduction 
time Activity time Activity 
min. x dilution min. x dilution 

M. lysodeikticus, undiluted 14 100 11-5 100 

aa diluted 1/3 120 36 85 41 

Za diluted 1/3 + heated 38 110 32 107 


M. lysodeikticus 


Table IV. Dehydrogenases in lysed Micrococcus lysodeikticus 


Reduction time, min. 


Control (no substrate): Exp. 1 Exp. 2 Exp. 3 
Lysed bacteria alone >120 >120 >120 
Lysed bacteria + heated bacteria >120 >120* >120 
Lysed bacteria + cozymase solution >120 — — 

Glucose dehydrogenase: 

Unlysed bacteria 16 20 3 
Lysed bacteria >120 >120 110 
Lysed bacteria + heated bacteria >120 > 120* 100 
Lysed bacteria + cozymase solution >120 — — 
Lactic dehydrogenase: 
Unlysed bacteria 12-5 17 2 
Lysed bacteria >120 >120 120 
Lysed bacteria + heated bacteria >120 > 120* 120 
Lysed bacteria + cozymase solution >120 — — 


* Slightly more reduced after 120 min. than corresponding tubes containing no heated 
bacteria. 
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(6) Experiments with lysed organisms. Lysis of the bacteria was effected by 
the addition of an equal volume of 1 in 300 egg white to a washed suspension of 
the organism and allowing the mixture to stand in an incubator at 37° for 1 hr. 
[see Penrose & Quastel, 1930]. After this time the activity of the glucose and 
lactic dehydrogenases was determined in the lysed preparation and in the 
original suspension diluted with an equal volume of water. It was found that 
the activity of both enzymes was reduced considerably by lysis and that the 
activity was not restored by the addition of coenzyme in the form of either 
purified cozymase or a heated preparation of WM. lysodeikticus (Table IV). 

The slight acceleration in reduction in the tubes marked with an asterisk 
in Table IV is due to the presence of reducing substances in the preparation of 
heated bacteria used in Exp. 2, since it occurs also in the control tube. 


Discussion 


The loss of activity of the enzyme on cytolysis may be due to the dilution 
which simultaneously occurs and depends in these instances on the fact that 
there is a coenzyme involved in the reaction. We may quote the more general 
words of Krebs [1935, p. 1643]: “‘The effect of dilution is explained by the 
assumption that a ternary collision, or a collision of a higher order, plays a 
role in these enzymic systems which become inactive on dilution. The probability 
of a ternary collision decreases in proportion to the dilution.’”’ An example of 
such a simple physicochemical explanation of the dependence of enzymic activity 
on the integrity of the cell membrane is the glyoxalase of human erythrocytes, 
the activity of which is lost on lysis and dilution and is regained on the addition 
of the coenzyme of the reaction—glutathione [Jowett & Quastel, 1933]. How- 
ever, the results described in the present work have shown that this explanation 
does not cover all the facts and that there may also be enzymes which are in 
some way bound up with the structure of the cell so that rupture of the cell 


involves destruction of the enzyme. 


SUMMARY 


Cytolysis often results in the loss of activity of certain enzymes. Since 
cytolysis involves dilution, and dilution results in inactivation of those enzymes 
in which a coenzyme plays a part, it was thought possible that the loss of 
bacterial dehydrogenase activity on lysis might be due to dilution and the 
consequent ‘‘washing out” of the coenzyme. However, the decrease in activity 
of the glucose dehydrogenase of Bact. coli by freezing and thawing, and of the 
glucose and lactic dehydrogenases of Micrococcus lysodeikticus by lysis with egg 
white, are not restored by the addition of the coenzyme necessary for their 
action. In these instances the enzymes appear to be linked in some way with 


the structure of the cell. 


I am indebted to Dr D. E. Green for the preparations of cozymase used in 


this work. 
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REDUCTION OF COENZYME I 
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(Received 1 June 1937) 


WaRBvRG et al. [1935] showed that coenzyme II (triphosphopyridinenucleotide) 
was capable of reversible reduction and oxidation. The reduced coenzyme showed 
a band at 345 my whereas the oxidized coenzyme did not absorb in that region. 
Euler e¢ al. [1936] and Warburg & Christian [1936] found that the reduced form 
of coenzyme I (diphosphopyridinenucleotide) showed a similar band at 340 my. 
This characteristic absorption band of the reduced coenzyme has been utilized 
by Warburg and Euler for studying the reversible oxidation and reduction 
spectrophotometrically. 

Dewan & Green [1937], in their study of linked oxido-reductions between 
pairs of dehydrogenase systems, found that coenzyme I could act as the carrier 
for many of these reactions. By analogy with the action of artificial carriers in 
the “‘carrier-linked reactions” described by Green e al. [1934], coenzyme I 
was considered to be undergoing a cycle of reduction by one dehydrogenase 
system and oxidation by the other. In this communication, spectrophotometric 
evidence will be presented that such is actually the case. Also direct proof is 
given for the existence of the coenzyme oxidase postulated by Green et al. [1937]. 


I. Method 


A Hilger Spekker spectrophotometer was used for following changes in the 
absorption spectrum of reduced or oxidized coenzyme I. The source of light was 
a tungsten spark. The length of the cups was 2 cm. 

The coenzyme was prepared from baker’s yeast by the method of Green e¢ al. 
[1937]. The purity was not very high. The impurities, however, do not affect 
the results since only the difference in absorption at 340 my between the 
reduced and oxidized coenzyme is measured. 

The methods of preparation of the enzymes used have been fully described 
in previous communications [cf. Green, 1936, 1, 2; Green & Brosteaux, 1936; 
Green et al. 1937]. It was found necessary after precipitating the enzymes with 
acetic acid to wash the precipitate thoroughly with acetate buffer pH 4-6. 
This procedure removes residual traces of haemoglobin and other interfering 
substances. 

Reduced coenzyme was prepared as follows. 10 ml. of a 0-15% solution of 
coenzyme I were mixed with 2-5 ml. of 0-5% NaHCO, and 2-5 ml. of 0-2% 
Na,S,O, (freshly prepared). The mixture was protected from air and maintained 
at 38° for 15 min. It was then vigorously aerated for 15 min. to oxidize excess 
hydrosulphite. A control without coenzyme was treated in exactly the same 
way. 1-5 ml. of reduced coenzyme were used for each individual experiment. 

In testing enzymic oxidation of reduced coenzyme, the procedure was as 
follows. 1-5 ml. of reduced coenzyme were mixed with 0-5 ml. enzyme and 
0-1 ml. M/3 substrate and incubated anaerobically in a Thunberg tube for some 

1 Beit Memorial Research Fellow. 
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minutes. The contents of the tube were then brought to the boil and water 
added to bring the volume to 8 ml. The deproteinized solution was then mixed 
with a small amount of kieselguhr and filtered. The clear filtrate was used 
directly for analysis. The control solution containing all the components except 
the coenzyme was treated in exactly the same fashion. 

In testing enzymic reduction of oxidized coenzyme, the above details were 
also followed except that 1 ml. of 0-15 % oxidized coenzyme I was used. 

Fig. 1 shows the curves for reduced and oxidized coenzyme. Only a small 
part of the band at 290 my is included. A concentration of coenzyme was 


*, Reduced 
* coenzyme 


300 320 | 340 | 360 | 3801400 
270 290 310 330 350 370 390 


Wave length in mp 


Fig. 1. Absorption spectrum of oxidized and reduced coenzyme I. 


selected at which the peak of the band of the reduced coenzyme at 340 my 
reached a density of 1-3-1-5. 


II. Oxidation of reduced coenzyme by pyruvate, oxaloacetate, fumarate and 
acetoacetate 


Table I shows that in presence of pyruvate, oxaloacetate or fumarate and the 
respective dehydrogenases, the band of reduced coenzyme at 340 my disappears. 


Table I. Oxidation of reduced coenzyme by pyruvate, oxaloacetate, fumarate 
and acetoacetate 


log ; at 
340 mp 
1-2 


b 


Reduced coenzyme and heart enzyme 
Reduced coenzyme + enzyme + oxaloacetate 
As above with boiled enzyme 

Reduced coenzyme + enzyme + pyruvate 

As above with boiled enzyme 

Reduced coenzyme + enzyme + fumarate 
Reduced coenzyme + enzyme + acetoacetate 
As above with boiled enzyme 

Oxidized coenzyme + enzyme 


co- > 


oc 
bo bo 1 bo bo be be bo 


o-_ 


Time of experiment: 5 min. 


The period of anaerobic incubation at 38° was 5 min. Acetoacetate only 
partially oxidizes reduced coenzyme. Later it will be shown that there is 
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an equilibrium between the coenzyme system and the f-hydroxybutyric- 
acetoacetic system, which makes it impossible for the oxidation of reduced 
coenzyme by acetoacetate to be complete. 

Euler e al. [1936; 1937] have also observed oxidation of reduced coenzyme I 
by pyruvate and oxaloacetate. 


III. Reduction of coenzyme by malate, lactate and B-hydroxybutyrate 


The coenzyme system is some 100 mV. more negative than either the lactic 
or malic system. That means that the equilibrium will be very much in favour 
of oxidized coenzyme. The equilibrium, however, can be shifted to the side of 
reduced coenzyme by using ketone fixatives such as cyanide. In the case of the 
f-hydroxybutyric system, the equilibrium is in favour of reduced coenzyme. 
Ketone fixatives however, such as hydrazine, shift the equilibrium even more 
to the side of reduced coenzyme. Table IT shows that coenzyme I can be reduced 


Table II. Reduction of coenzyme by lactate, malate and B-hydroxybutyrate 


log ? at 


Oxidized coenzyme + heart enzyme 

Oxidized coenzyme + enzyme + malate + cyanide 
Oxidized coenzyme + enzyme + lactate + cyanide 
Oxidized coenzyme + enzyme + B-hydroxybutyrate 
Reduced coenzyme + enzyme 


Time of experiment: 10 min. 


by malate, lactate and B-hydroxybutyrate. It is interesting that the coenzyme 
is never fully reduced by the enzymic method. That simply means that an 
equilibrium is reached or is being approached. 


IV. Reduction of coenzyme by «-glycerophosphate 


Green [1936, 1] described the properties of the «-glycerophosphate dehydro- 
genase of animal tissues. This enzyme does not require the collaboration of a 
coenzyme. Recently Euler et al. [1937] claimed to have demonstrated the 
reduction of coenzyme I by «-glycerophosphate in presence of the dehydrogenase. 
We have been unable to confirm this observation (cf. Table III). The «-glycero- 


Table III. Reduction of coenzyme by «-glycerophosphate 


log 2 7 at 
340 mu 
Oxidized coenzyme + skeletal muscle enzyme 0-2 
Oxidized coenzyme + enzyme + lactate + cyanide 0-9 
Oxidized coenzyme + enzyme + «-glycerophosphate + cyanide 0-2 
Time of experiment: 15 min. 


phosphate enzyme tested was actually twice as active as the lactic enzyme in the 
extract prepared from the skeletal muscle of rabbit. Yet no reduction of the 
coenzyme by «-glycerophosphate could be observed over a period of 15 min., 
whereas considerable reduction by lactate was obtained. The possibility exists 
that the reduction of coenzyme observed by Euler et al. may have been catalysed 
by some enzyme other than the «-glycerophosphate dehydrogenase, very 
probably the mutase postulated by Dewan & Green [1937]. 
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V. Oxidation of reduced coenzyme by molecular oxygen catalysed by coenzyme 
oxidase 


Green et al. [1937] have described an enzyme which catalyses the oxidation of 
reduced coenzyme by molecular oxygen. Their evidence was only indirect. We 
have been able to demonstrate spectrophotometrically that the enzyme extract 
prepared from the heart muscle of the pig does contain a coenzyme oxidase. 

Reduced coenzyme is non-autoxidizable at neutrality. But when aerated 
for a few minutes at 38° in presence of the heart enzyme, it becomes oxidized 
(cf. Table IV). The fact that the boiled enzyme control is negative shows that 


Table IV. Oxidation of reduced coenzyme by molecular oxygen 


log ; at 

340 mu 
Reduced coenzyme + enzyme (boiled on mixing) 1-2 
Reduced coenzyme + enzyme (aerated at 38° for 1 min.) 0-4 
As above (aerated 5 min.) 0-2 
As above (aerated 10 min.) 0-2 
Reduced coenzyme + boiled enzyme (aerated 10 min.) 1-2 
Reduced coenzyme + enzyme + cyanide (aerated 10 min.) 1-2 
1-2 


Reduced coenzyme + enzyme (incubated anaerobically 10 min.) 


the oxidation is catalysed. Finally, the complete inhibition of the catalysis by 
M/50 cyanide is in harmony with the manometric findings of Green et al. [1937]. 


VI. Oxidation of reduced coenzyme by aldehyde in presence of liver mutase 


Dewan & Green [1937] have postulated that a mutase is an enzyme with two 
active centres capable of catalysing an oxidoreduction through the intermedia- 
tion of the coenzyme. It should therefore be possible to demonstrate in the case 
of the liver mutase that aldehyde can either reduce oxidized coenzyme or oxidize 
reduced coenzyme. Through the kindness of Dr M. Dixon and Dr C. Lutwak- 
Mann we have been able to use a highly purified preparation of liver mutase for 
testing our hypothesis. Actually only the complete oxidation of reduced 
coenzyme by aldehyde can be observed. In less than 5 min. the original density 
at 340 my dropped from 1-2 to 0-1. We were unable to demonstrate any reduc- 
tion of the coenzyme in presence of aldehyde. This negative result, however, 
does not necessarily mean that aldehyde cannot reduce the coenzyme. More 
probably the rate of oxidation of reduced coenzyme is so much more rapid than 
the reduction of oxidized coenzyme that the kinetic equilibrium is entirely in 
favour of oxidized coenzyme. Unfortunately there is no method of dissociating 
these two competing processes. 


VII. The potential of the coenzyme 


The £-hydroxybutyric dehydrogenase system has been shown to be thermo- 
dynamically reversible [cf. Green et al. 1937]. The fact that the coenzyme system 
lies within the potential range of the B-hydroxybutyric system has made possible 
a rough estimation of the potential of the coenzyme system. Table V is a summary 
of an experiment conducted at pH 7-07. Reduced coenzyme and enzyme were 
incubated for 1 hr. in presence of different ratios of B-hydroxybutyrate to aceto- 
acetate. It is clear that with change in the ratio of 8-hydroxybutyrate to 
acetoacetate, there is a corresponding change in the ratio of reduced to oxidized 
coenzyme. No claim can be made for great accuracy by this method. All that 
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Table V 
Ratio lo E, ¢ 
B-hydroxybutyrate 77" % reduced % oxidized 
acetoacetate E, 340 mu coenzyme coenzyme E,’ 
9:1 — 0-314 1-1 92 8 — 0-282 
5:5 — 0-286 0-9 81 19 — 0-267 
1:9 — 0-258 0-7 36 64 — 0-266 


Completely reduced coenzyme had a density of 1-3; completely oxidized coenzyme a density 
of 0-1 at 340 my. 


can be said at the moment is that the coenzyme lies at about the same potential 
level as that of the 8-hydroxybutyric system. Reduced coenzyme in presence of 
the heart enzyme can reduce benzylviologen. Experiments are in progress to 
measure electrometrically the potential of the coenzyme system. 


VIII. Oxidation of reduced coenzyme by methylene blue 


Green & Brosteaux [1936], in their study of the properties ofreduced coenzyme, 
showed that methylene blue oxidizes reduced coenzyme. Adler e¢ al. [1936], 
however, state that, at neutral or alkaline reaction, reduced coenzyme cannot be 
oxidized by methylene blue. We have been able to confirm spectrophotometrically 
the results obtained by Green & Brosteaux with a colorimetric technique. 

Reduced coenzyme (1-5 ml.) was rapidly mixed with 0-1 ml. of 01% 
methylene blue and 6-4 ml. water (final pH 8). The mixture was then rapidly 
filtered with suction through a pad of kieselguhr. The filtrate was colourless. 
A similar mixture was prepared but allowed to incubate for 15 min. at 38° before 
being filtered through kieselguhr. The control solution had a density of 1-3 at 
340 my whereas the incubated experimental solution went down to density 0-3. 
In other words oxidation was practically complete. 

The following is a summary of the reducing and oxidizing agents for the 


oe: Agents which can Agents which can 
reduce coenzyme I oxidize coenzyme I 
Lactate (e) Pyruvate (e) 
Malate (e) Oxaloacetate (e) 
B-Hydroxybutyrate (e) Acetoacetate (e) 


Aldehyde (e) 
Fumarate (e) 
Methylene blue 
Flavin 
Flavoprotein 
Oxygen (e) 


(e) Indicates that the reaction is catalysed by an enzyme. 
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CXLI. COENZYME-LINKED REACTIONS 
BETWEEN DEHYDROGENASE SYSTEMS 


By JOHN GEORGE DEWAN anv DAVID EZRA GREEN? 
From the Institute of Biochemistry, Cambridge 


(Received 1 June 1937) 


GREEN ef al. [1934], in an attempt to elucidate one of the mechanisms of 
anaerobic oxidoreductions, investigated the conditions which are essential for the 
interaction of dehydrogenase systems in vitro. They found that dehydrogenase 
systems cannot react directly with one another but require the intermediation of 
a carrier which can be alternately reduced by one system and oxidized by the 
other. Given a suitable carrier it was possible to link the oxidation of many 
metabolites such as lactate, hypoxanthine, formate etc. with reduction of 
metabolites such as fumarate, nitrate etc. Artificial oxidation-reduction dyes 
were used as carriers in these linked reactions, since no naturally occurring 
cellular component (pyocyanine excepted) could be found to act in the capacity 
of an anaerobic carrier. Flavin, flavoprotein, glutathione, ascorbic acid and cyto- 
chrome c were all inactive. 

The limitation to the progress possible in these experiments of Green e¢ al. 
was twofold: (1) the dearth of information concerning the preparation and 
properties of dehydrogenases and (2) the obscurity of the role of coenzymes in 
dehydrogenase systems. In the last 3 years these deficiencies in our knowledge 
have been greatly repaired. Systematic investigations have been made of the 
lactic, malic, «-glycerophosphoric and f$-hydroxybutyric dehydrogenases of 
animal tissues [Green & Brosteaux, 1936; Green, 1936, 1, 2; Green et al. 1937]. 
But most important was the discovery by Warburg e¢ al. [1935] that coenzyme IT 
was capable of reversible oxidation and reduction. Later Euler et al. [1937, 1, 2] 
showed that several dehydrogenase systems can either reduce oxidized coenzyme 
I or oxidize reduced coenzyme. That is to say the reaction of these dehydro- 
genases with the coenzyme comes to an equilibrium which can be shifted merely 
by change in the ratios of the various reactants. Finally, the work of Krebs & 
Johnson [1937] on anaerobic oxidoreductions in tissue slices made it clear that 
the model reconstructions which Green et al. called “‘carrier-linked reactions”’ 
have their counterpart in physiological events. 

Using various pairs of dehydrogenase systems with coenzyme I as the carrier 
we have been able to produce the following reactions: 

(1) f-Hydroxybutyrate + pyruvate — acetoacetate + lactate. 
(2) B-Hydroxybutyrate + oxaloacetate — acetoacetate + malate. 
(3) f-Hydroxybutyrate + aldehyde — acetoacetate + alcohol. 
(4) f-Hydroxybutyrate + fumarate — acetoacetate + succinate. 
(5) Malate +fumarate — oxaloacetate + succinate. 


I. Preparation of components 
The preparations of the various enzymes used have been fully described in 
the previous communications of this series. Through the kindness of Dr M. 
Dixon and Dr C. Lutwak-Mann, we have been able to test highly purified 
preparations of aldehyde mutase of liver [cf. Dixon & Mann, 1937]. 


1 Beit Memorial Research Fellow. 
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Coenzyme I was prepared by the method of Green ef al. [1937] which is 
merely a variant of the original method of Myrback [1933]. 


II. Methods of estimation 


Acetoacetic acid. The solution containing acetoacetic acid (ca. 3 ml.) is pipetted 
into the Barcroft manometer vessel and mixed with 0-3 ml. glacial acetic acid. 
After 3 min. equilibration at 37° (150 oscillations per min.) 0-3 ml. of aniline 
citrate solution (one part aniline to one part 50 % citric acid) is introduced from a 
Keilin cup and the CO, evolved is measured. The reaction is complete in less 
than 20min. Rapid equilibration is necessary to minimize the spontaneous 
decomposition of acetoacetic acid. Ostern [1933] and Edson [1935] have elabor- 
ated the method as used in its present form. There is one molecule of CO, 
produced for each molecule of acetoacetic acid decomposed. 

Oxaloacetic acid is estimated by this method as well. It is possible, however, 
to estimate acetoacetic acid in presence of oxaloacetic acid by the simple 
expedient of adding strong cyanide (0-2 ml. of 2M NaCN) to the neutral test 
solution 10 min. before mixing with the glacial acetic acid. Under these 
conditions, only acetoacetic acid is decomposed. The cyanohydrin of oxaloacetic 
acid decomposes extremely slowly (>8 hr.) and does not interfere within the 
10-20 min. necessary for the completion of the acetoacetic acid reaction. 

Succinic acid. The oxidation of succinic acid to fumaric acid is the basis of 
the method of estimation. The succinic dehydrogenase is prepared from ox 
heart by the method of Ogston & Green [1935]. The deproteinized solution 
containing succinic acid (ca. 3 ml.) is mixed in the manometer cup with 2 ml. 
enzyme and 0-1 ml. M HCN. After equilibration, 0-2 ml. of 0-5°% cresyl blue is 
introduced from a Keilin cup and the oxygen uptake is measured. The end of 
the reaction is reached in 60-90 min. depending upon the amount of succinic acid 
present. The method is most satisfactory when the amount of succinic acid lies 
between 1 and 2 mg. 

The function of the cyanide is to prevent any oxidation of succinic acid 
before the cresyl blue has been added. Weil-Malherbe [1937] has found cresyl 
blue to be the most efficient artificial carrier for the succinic oxidation. 

There are several precautions which must be considered. A blank with 
enzyme, cyanide and cresyl blue must be carried out simultaneously and the 
oxygen uptake of the blank subtracted from those of the experimentals. The 
enzyme preparation should be tested with a known amount of succinic acid to 
ascertain that oxidation will be complete within 90 min. Where there is a possi- 
bility of coenzyme, either reduced or oxidized, being present in the solution 
containing succinic acid, the procedure for destroying the coenzyme described 
by Green [1936, 2] should be followed. Finally the method is not suitable when 
a-glycerophosphate is present as well as succinate. 

It is not necessary to filter the deproteinized solutions before testing. The 
suspended denatured protein does not interfere appreciably with the estimation. 

Lactic acid. A convenient manometric method of estimating 1(+ )lactic acid 
has been developed with the use of the lactic dehydrogenase of yeast. This is 
prepared from baker’s yeast by grinding in a ball mill [cf. Ogston & Green, 1935]. 
The procedure is the same as that for the succinic estimation. The neutral 
coenzyme-free solution of lactate (3 ml.) is mixed with 2 ml. enzyme and 0-1 ml. 
M HCN. After equilibration 0-2 ml. 0-5% cresyl blue is introduced from a 
Keilin cup. The reaction is complete in less than 60 min. ; «-glycerophosphate is 
the only interfering substance. Malate, succinate, fumarate, aldehyde, alcohol, 
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pyruvate, acetoacetate, oxaloacetate and B-hydroxybutyrate are not estimated. 
The blanks without lactate are very small. 

A simple method of preparing the lactic enzyme of yeast is to grind 25 ml. 
of a plasmolysed suspension of yeast for 15 min. at 2000 r.p.m. and then 
centrifuge hard. The opalescent supernatant after 12 hours’ dialysis is 
ready for use. 

Malic acid. The malic dehydrogenase as prepared by Green [1936, 2] can be 
used for the manometric estimation of /-malic acid. Both lactic and succinic 
acids are estimated simultaneously. But these two substances if present can be 
allowed for by independent estimations. 

The neutral coenzyme-free and deproteinized solution of malic acid (ca. 3 ml.) 
is mixed with 1-5 ml. enzyme, 1-0 ml. of a 0-075 % solution of coenzyme I and 
0-2 ml. 2M HCN. After equilibration, 0-2 ml. 0-5°% methylene blue is intro- 
duced from a Keilin cup. In absence of the coenzyme, only succinic acid is 
estimated. The difference between the uptakes in presence of coenzyme and in 
absence of coenzyme represents the uptake due to malic acid. Where no succinic 
acid is present, there is no necessity for doing the control without coenzyme. 


III. Reaction between B-hydroxybutyrate and pyruvate 


The reactions were carried out anaerobically in Thunberg tubes at 38° for 
1-2hr. Precautions must be taken to ensure that B-hydroxybutyrate is not 
introduced from the hollow stopper until oxygen has been removed from the 
tube. 

Anaerobically, B-hydroxybutyrate is not oxidized in presence of the enzyme 
and coenzyme. In presence of pyruvate, a vigorous reaction ensues whereby 
acetoacetate and lactate are produced. In absence of the coenzyme or the 
enzymes, no reaction ensues (cf. Table I). Pyrophosphate only slightly increases 
the rate. The enzyme preparation contains both the B-hydroxybutyric dehydro- 
genase and the lactic dehydrogenase. 


Table I. Controls for the B-hydroxybutyrate-pyruvate oxidoreduction 


Heart enzyme (ml.) 2-0 2-0 2-0 2-0 2-0 —_— 
0-15% coenzyme I (ml.) 1-0 1-0 -- 1-0 1-0 1-0 
M B-hydroxybutyrate (ml.) 0-2 0-2 0-2 0-2 — 0-2 
M pyruvate (ml.) 0-2 0-2 0-2 a 0-2 0-2 
M/10 pyrophosphate (ml.) oo 0-5 — —_ — _ 
Water (ml.) 0-5 -— 1-5 0-7 0-7 2-5 
pl. acetoacetic CO, in 60 min. 276 316 . 18 30 0 0 


The dependence of the rate of oxidation of B-hydroxybutyrate by pyruvate 
on the concentration of coenzyme is shown in Fig. 1. Making allowance for the 
state of purity of the coenzyme used, 0-01 mg. of coenzyme I catalyses the 
production of 52 ul. of acetoacetic CO, in 60 min. 

The reaction between f-hydroxybutyrate and pyruvate occurs in two 
stages. 

B-hydroxy butyric 
(6) $-Hydroxybutyrate + coenzyme I —_———————-» acetoacetate + reduced coenzyme I. 
dehydrogenase 
lactic 
—> coenzyme I + lactate. 
dehydrogenase 








(7) Reduced coenzyme I + pyruvate 


In another communication, direct proof will be given for the validity of this 
interpretation. 
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The reaction is not reversible to any appreciable extent. That is to say, the 
reaction is entirely in favour of the formation of acetoacetic and lactic acids. If 
the reaction were significantly reversible, simultaneous addition of large amounts 
of lactate should inhibit completely the formation of acetoacetic acid. Such is 


300 
250 


200 


pl, CO,/60 min. 
Ss 3 


yw 
So 


% 0°5 10 I°5 2-0 eo 


mg. coenzyme I 


Fig. 1. Effect of coenzyme concentration of the rate of oxidation of f-hydroxybutyrate by 
pyruvate. Each tube contained 1-5 ml. enzyme, 0-2 ml. M f-hydroxybutyrate and 0-7 ml. 
M/5 pyruvate. Total volume, 3-9 ml. 


Table II. Inhibition of B-hydroxybutyrate-pyruvate oxidoreduction by lactate 


Heart enzyme (ml.) 2-0 2-0 

0-15% coenzyme (ml.) 1-0 1-0 

M B-hydroxybutyrate 0-2 0-2 

M pyruvate 0-05 0-05 
2M lactate —— 0-15 
Water 0-15 _— 

pl. acetoacetic CO, in 60 min. 318 268 


actually not the case (cf. Table II). When acetoacetate and lactate are incu- 
bated anaerobically with the enzymes and the coenzyme, only a small amount 
of acetoacetic acid disappears, indicating that equilibrium is practically reached 
when only lactic and acetoacetic acids are present (cf. Table ITT). 


Table III. The reduction of acetoacetate by lactate 


Heart enzyme (ml.) 2-5 2-5 
0-15% coenzyme I (ml.) 1-0 1-0 
2M lactate (ml.) 0 0-2 
1% acetoacetate (ml.) 0-2 0-2 
Water (ml.) 0-2 — 
pl. acetoacetic CO, remaining after 2 hr. 394 374 


Fig. 2 shows the effect of the B-hydroxybutyrate concentration on the rate of 
oxidation by pyruvate. The curve is practically identical with that for the rate 
of oxidation by molecular oxygen [cf. Green et al. 1937]. 
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It can be easily demonstrated that coenzyme I itself and not any possible 
impurity is the active carrier in the oxidoreduction. Coenzyme I in the oxidized 
form is destroyed by boiling in alkaline solution. The reduced form is not 


350 


300 


pl, CO,/30 min, 


0-01 0-02 0-03 0°04 0°05 0-06 
Molarity of B-hydroxybutyrate 
Fig. 2. Effect of concentration of B-hydroxybutyrate on the reaction with pyruvate. Each tube 


contained 2 ml. enzyme, 1 ml. 0-15% coenzyme I and 0-2 ml. M pyruvate. Total volume, 
3-7 ml. 
Table IV. Alkaline-boiled oxidized and reduced coenzyme 
Heart enzyme (ml.) 2-0 
0-15% coenzyme I (ml.) 
M B-hydroxybutyrate (ml.) 
M pyruvate (ml.) 
0-15 % alkaline-boiled coenzyme I (ml.) 
0-15 % alkaline-boiled reduced coenzyme I (ml.) 


pl. acetoacetic CO, produced in 60 min. 308 25 


Sort 
rwrmesd 


affected by such treatment. Table IV shows that the alkaline-boiled oxidized 
coenzyme is inactive, whereas similarly treated reduced coenzyme retains its 
activity. 
If every molecule of acetoacetic acid produced is formed at the expense of 
4 5 i ; - pl. acetoacetic CO, 
the reduction of one molecule of pyruvic to lactic acid, the ratio ——7=—--5-— 
pl. lactic O, 


should be exactly 2. The observed ratios are given in Table V. They are in good 
agreement with theory. 


Table V. Ratio of acetoacetic to lactic acid 


pl. acetoacetic 
co, pl. lactic O, Ratio 
251 130 1-94 
268 142 1-89 
259 136 1-91 
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IV. Reaction of B-hydroxybutyrate and fumarate 


In the previous papers of this series, a scheme for the classification of 
dehydrogenase systems was proposed. There are three main classes, aerobic 
oxidases, coenzyme systems and cytochrome systems. The succinic dehydro- 
genase is an example of a cytochrome system. It does not require a coenzyme and 
normally reacts with molecular oxygen through the intermediation of cyto- 
chrome c. The 8-hydroxybutyric system is an example of a coenzyme system. 
No oxidation of the substrate can take place in absence of coenzyme I. It now 
appears that the distinction between cytochrome and coenzyme systems although 
still valid is not very rigid. The succinic dehydrogenase, for example, does not 
require coenzyme I for oxidation of the substrate. However, the dehydrogenase 
can catalyse the oxidation of reduced coenzyme I by fumaric acid. That is to 
say a cytochrome system, although not dependent upon coenzymes in the 
normal way, nevertheless may either reduce oxidized coenzyme or oxidize 
reduced coenzyme. 

The anaerobic oxidation of B-hydroxybutyrate by fumarate does not proceed 
in absence of either coenzyme I or the respective dehydrogenases (cf. Table V1). 


Table VI. Oxidation of B-hydroxybutyrate by fumarate 


Heart enzyme (ml.) 2-0 2-0 —_— 2-0 2-0 
0-15 % coenzyme I (ml.) 1-0 1-0 1-0 1-0 
M £B-hydroxybutyrate (ml.) 0-2 0-2 0-2 — 0-2 
M fumarate (ml.) 0-2 0-2 0-2 0-2 -- 
Water (ml.) — 1-0 2-0 0-2 0-2 
pl. acetoacetic CO, in 60 min. 288 21 0 11 0 


pl. acetoacetic CO, 

pl. succinic O, 
ratio of 2 for the oxidation of one molecule of 8-hydroxybutyric by one molecule 
of fumaric acid (cf. Table VII). 


The observed ratios of are in close agreement with the theoretical 


Table VII. Ratio of acetoacetic to succinic acid 


pl. acetoacetic 
co 


s pl. suceinic O, Ratio 
(1) 133 63 2-11 
(2) 264 151 1-75 
(3) 211 90 2-34 
(4) 229 103 2.22 


Table VIII. Effect of concentration of coenzyme I and of B-hydroxybutyrate 
on the B-hydroxybutyrate-fumarate oxidoreduction 


Enzyme (ml.) 2-0 2-0 2-0 2-0 2-0 2-0 
0-15% coenzyme I (ml.) 1-0 1-0 0-2 — 1-0 1-0 
0-015 % coenzyme I (ml.) — — _— 0-2 — — 
M £B-hydroxybutyrate (ml.) 0-2 0-2 0-2 0-05 0-02 
M fumarate (ml.) 0-2 0-2 0-2 0-2 0-2 0-2 
Water (ml.) 0-2 — 0-8 0-8 0-15 0-18 
pl. acetoacetic CO, in 60 min. 0 190 134 42 133 113 


Table VIII shows the dependence of the rate of oxidation of 8-hydroxy- 
butyrate by fumarate on the concentration of coenzyme I and on the concentra- 
tion of B-hydroxybutyrate. 

None of the oxidoreductions described in this communication is cyanide- 
sensitive. Furthermore, addition of carriers other than the coenzyme has no 
appreciable effect. Flavin and flavoprotein tend to inhibit the reactions slightly. 
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V. Reaction between B-hydroxybutyrate and oxaloacetate 


This reaction is the most rapid one that has been studied. The controls 
given in Table [X show that the oxidation of B-hydroxybutyrate by oxaloacetate 
is catalysed by coenzyme I and by the respective dehydrogenases. The ratio 


Table IX. The oxidation of B-hydroxybutyrate by oxaloacetate 


Heart enzyme (ml.) 2-0 —_— 2-0 2-0 2-0 
0-15% coenzyme (ml.) 2-0 2-0 — 2-0 2-0 
M £B-hydroxybutyrate (ml.) 0-2 0-2 0-2 — 0-2 
M/3 oxaloacetate (ml.) 0-2 0-2 0-2 0-2 —- 
Water (ml.) -= 2-0 2-0 0-2 0-2 
pl. malic O, in 60 min. 164 0 0 7 0 


Ceo. is in fair agreement with theory assuming that one molecule of 
. 2 
malic acid is produced for each molecule of 8-hydroxybutyric oxidized to aceto- 


acetic acid (cf. Table X). 


Table X. Ratio of acetoacetic to malic acid 


pl. acetoacetic CO, pl. malic O, Ratio 
414 175 2-37 
424 213 1-99 
407 171 2-30 


Oxaloacetic acid is rather unstable at 38°, decomposing spontaneously into 
pyruvic acid and CO,. The possibility was therefore open that pyruvic acid and 
not oxaloacetic acid was the actual oxidizing agent. This possibility, however, is 
excluded for the following reasons. In parallel experiments, oxidation by 
oxaloacetate was much more rapid than by pyruvate. Furthermore, lactic esti- 
mations with the yeast enzyme failed to detect any appreciable amount of lactic 
acid formed. The small amount of pyruvic acid formed in the course of the 
experiment apparently does not divert the main reaction between B-hydroxy- 
butyric and oxaloacetic acids. 

By determining the rates of reaction with small amounts of coenzyme in 
contact with large excess of enzyme we were able to calculate the turnover 
number of the coenzyme (which is defined as the number of times per minute 
that the coenzyme is both reduced and oxidized). The highest value observed 
was 20. The significance of this number requires some clarification. In the 
reaction between B-hydroxybutyrate and oxaloacetate, the coenzyme is reduced 
by the former and oxidized by the latter. The turnover number refers therefore 
to the slower of the two reactions. We have evidence for assuming that the 
limiting reaction is the rate of reduction of the coenzyme by B-hydroxybutyric 
acid. Very probably if our reducing system were more active, turnover numbers 
of 50-100 could be reached. 


VI. Reaction between B-hydroxybutyrate and aldehyde 


Dixon & Mann [1937] have demonstrated that the aldehyde mutase of liver 
catalyses the dismutation of aldehyde to alcohol and acid in presence of coen- 
zyme I. Their mutase preparations were completely freed from all traces of both 
the alcohoi and aldehyde dehydrogenases. 

Assuming that the mechanism of the action of the mutase consists in the 
reversible reduction of the coenzyme by one molecule of aldehyde (with produc- 
tion of acid) and in the oxidation of reduced coenzyme by a second molecule of 








COENZYME-LINKED REACTIONS 1081 
aldehyde (with production of alcohol), the possibility exists of linking the oxida- 
tion of B-hydroxybutyrate with the reduction of aldehyde by means of the 
coenzyme. Table XI shows that a vigorous reaction between B-hydroxybutyrate 


Table XI. Oxidation of B-hydroxybutyrate by aldehyde 


Heart enzyme (ml.) 2-0 2-0 2-0 — 2-0 
0-15% coenzyme I (ml.) 1-0 — 1-0 1-0 1-0 
Liver mutase (ml.) 0-5 0-5 — 0-5 0-5 
M B-hydroxybutyrate (ml.) 0-2 0-2 0-2 0-2 0-2 
M acetaldehyde (ml.) 0-1 0-1 0-1 0-1 — 
Water (ml.) —_ 1-0 0-5 2-0 0-1 
pl. acetoacetic CO, in 60 min. 218 121 6 0 24 


and aldehyde occurs in presence of the complete system. No oxidoreduction 
occurs in absence of the liver mutase, the 8-hydroxybutyric dehydrogenase or 
aldehyde. The blank reaction in absence of coenzyme is large since the liver 
mutase had not been freed completely from coenzyme. Using more purified 
preparations this blank without coenzyme was practically negative. 

Although alcohol was not demonstrated as the product of reduction of 
aldehyde, analogy with the other oxidoreductions of the same kind renders it 
certain that this reduction must take place. 


VII. The dismutation of fumarate 


Green [1936, 1] demonstrated the dismutation of fumarate to succinate and 
oxaloacetate. Methylene blue was used as the carrier in addition to coenzyme I. 
We have now been able to establish that methylene blue is superfluous for the 
dismutation and that coenzyme I is the only carrier required provided that it is 
present in sufficiently high concentration. The following reactions occur in the 
dismutation of fumarate: 


fumarase 
(8) Fumarate ——— malate. 


malic 
(9) Malate +coenzyme I ———————-+> oxaloacetate + reduced coenzyme I. 
dehydrogenase 


succinic 
(10) Reduced coenzyme I + fumarate —-—————— coenzyme I +succinate. 
dehydrogenase 
It is obvious that whether fumarate or malate is used as starting substance, 
the same reactions will take place. The test for the dismutation is the 
production of succinic acid and oxaloacetic acid. Table XII shows that both 


Table XII. Anaerobic production of succinic and oxaloacetic from fumaric 
or malic acid 


Heart enzyme (ml.) 2-0 2-0 — 2-0 2-0 
0-15 % coenzyme I (ml.) 2-0 — 2-0 2-0 “0 
M fumarate (ml.) 0-2 0-2 0-2 0-2 
M malate (ml.) _— —_— -- — 0-2 
0-5% methylene blue (ml.) — — — 0-2 — 
Water (ml.) 0-2 2-2 2-2 0 0-2 
pl. succinic O, 35 3 0 37 45 
70 D 0 70 85 


pl. oxaloacetic CO, 


are produced regardless of whether malate or fumarate is used. There is a 
small blank production of succinic acid in absence of coenzyme I. Oxaloacetic 
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acid formed in the reaction was fixed with hydrazine and then estimated as CO, 
by the aniline citrate method [cf. Green, 1936, 2]. 

This dismutation of fumarate is very slow compared with the other oxido- 
reductions described above. When 8-hydroxybutyrate was oxidized by fumarate, 
it could be shown that all the succinic acid formed was equivalent to the aceto- 
acetic. This means that malate cannot compete with 8-hydroxybutyrate for the 
reduction of the coenzyme. We shall discuss later the theoretical basis for this 


observation. 


VIII. Attempted linkages with hypoxanthine and «-glycerophosphate 


The essential condition for the linking of two dehydrogenase systems by 
means of coenzyme I is that one system should be capable of reducing the 
coenzyme and the other should be capable of oxidizing the system. Potential 
considerations determine whether any dehydrogenase system can act as a 
reducing or as an oxidizing system. Not all dehydrogenase systems can react 
with coenzyme I. The xanthine oxidase of milk, for example, cannot be used as 
a reducing system although the potential requirements are fulfilled, since it 
cannot catalyse the reduction of coenzyme I by hypoxanthine. Negative results 
were obtained in the attempts to link the reduction of either fumarate or aceto- 
acetate with the oxidation of xanthine. 

The «-glycerophosphate dehydrogenase of animal tissues has been studied 
in detail by Green [1936, 1]. The reaction with molecular oxygen is not direct 
but proceeds normally through the cytochromes. Also no coenzyme is required 
for the oxidation of the substrate. Recently Euler e¢ al. [1937, 2] have claimed 
that the «-glycerophosphate dehydrogenase system can reduce coenzyme I and 
that the coenzyme is necessary for the actual oxidation of the substrate. They 
consider that the negative results which Green obtained on adding coenzyme 
were due to the fact that the enzyme preparations were saturated with respect 
to coenzyme. 

We have repeated our earlier experiments on the «-glycerophosphate dehydro- 
genase prepared from the skeletal muscle of the rabbit. The method of prepara- 
tion involving extensive washing of the minced tissue and precipitation of the 
enzyme at pH 4-6 renders highly improbable the presence of any appreciable 
amounts of coenzyme. The preparation contains in addition to the «-glycero- 
phosphate enzyme a highly active lactic enzyme. The latter is known definitely 
to require coenzyme I. If the preparation is saturated with respect to coenzyme, 
there should be no effect on adding coenzyme to the lactic system as well as to 
the «-glycerophosphate system. Table XIII shows that in absence of added 


Table XIII. Influence of coenzyme on the oxidation of «-glycerophosphate and 
lactate in presence of rabbit muscle enzyme 


Rabbit skeletal muscle enzyme (ml.) 1-5 1-5 1-5 1-5 1-5 
0-15% coenzyme I (ml.) — — 0-5 0 0-5 
0-5% methylene blue (ml.) 0-3 0-3 0-3 0-3 0-3 
M «-glycerophosphate (ml.) — 0-2 0-2 — — 
M lactate (ml.) — — — 0-2 0-2 
2M HCN (ml.) — — — 0-1 0-1 
Water (ml.) 1-5 1:3 0-8 1-4 0-9 
6 140 144 0 232 


pl. O,/10 min. 


coenzyme no oxidation of lactate ensues, whereas the rate of oxidation of 
x-glycerophosphate is not affected by addition of coenzyme. It is quite clear 
therefore (1) that the enzyme preparation does not contain any measurable 
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amount of coenzyme I and (2) that no coenzyme is necessary for the functioning 
of the «-glycerophosphate system. As for the alleged reduction of the coenzyme 
by the a-glycerophosphate dehydrogenase, Green & Dewan [1937] have been 
unable to confirm this. It is quite possible that there are two enzymes which can 
deal with «-glycerophosphate—the one described as a cytochrome system and 
the other probably a type of mutase which depends upon coenzyme. 

We have attempted to link the reduction of acetoacetate, fumarate, 
pyruvate and oxaloacetate with the oxidation of «-glycerophosphate. But in no 
case was there any indication of a positive reaction. These negative results are 
to be expected if the «-glycerophosphate dehydrogenase system cannot reduce 
coenzyme I. 


IX. The mechanism of coenzyme linked oxidoreductions 
All the reactions described above conform to the following mechanism: 
dehydrogenase, 
(11) Reductant, + coenzyme I ————————_—> oxidant, + reduced coenzyme I. 
dehydrogenaseg 
(12) Oxidant, +reduced coenzyme I —————————> reductantg + coenzyme I. 

The evidence for this interpretation is the following. Euler et al. [1937] 
have demonstrated that the lactic and malic systems can either reduce or 
oxidize the coenzyme depending upon the ratio of reduced to oxidized substrate. 
We have been able to confirm their observations and also to demonstrate that 
the B-hydroxybutyrate system comes into true equilibrium with the coenzyme 
system. Elsewhere evidence is presented that reduced coenzyme can be oxidized 
by aldehyde in presence of liver mutase and by fumarate in presence of the 
succinic oxidase. These results leave no possibility of doubt that the coenzyme 
functions by being reduced by one system and oxidized by the other. 


X. Oxidation-reduction potentials 


Table XIV contains a summary of the oxidation-reduction potentials of the 
systems employed in this study. Many observations now become clear from a 
consideration of the potentials. The fact that the lactate system is approximately 


Table XIV. Oxidation-reduction potentials 


System E,’ at pH 7-0 Reference 
Succinate-fumarate 0-0 Borsook & Schott [1931] 
Alcohol-aldehyde -—0-09 Lehmann [1934]; Wurmser & 

Filitti [1935] 
Malate-oxaloacetate —0-17 Laki e¢ al. [1937] 
Lactate-pyruvate —0-18 Barron & Hastings [1934] 
Reduced coenzyme I-coenzyme I —0-27 approx. Green & Dewan [1937] 
B-Hydroxybutyrate-acetoacetate — 0-28 Green et al. [1937] 


100 mV. more positive than the B-hydroxybutyrate system indicates that 
equilibrium will be reached when practically all the 8-hydroxybutyric and pyruvic 
acids are converted into acetoacetic and lactic acids respectively. The reverse 
reaction can proceed only to a very small degree. It is interesting that all but 
the B-hydroxybutyric system are more positive in potential than the coenzyme 
system. Following the convention of Euler, we may refer to those systems more 
positive as the acceptor systems and those more negative as the donator systems. 

The most rapid reactions occur when the potential of the coenzyme lies 
between that of the acceptor and donator systems. Since all these reactions 
involve the same mechanism, there is a rough relation between the free energy 
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difference and the velocity. The reaction between malate and fumarate is very 
much slower than the reaction between f-hydroxybutyrate and fumarate, 
although the activity of the B-hydroxybutyric enzyme is only a small fraction of 
that of the malic enzyme. 


XI. Significance of coenzyme linked reactions 


The recent work of Krebs & Johnson [1937] on anaerobic oxidoreductions in 
tissue slices shows clearly that coenzyme-linked reactions are not artificial. 
They succeeded in linking the following oxidoreductions: pyruvate with 
oxaloacetate, pyruvate with fumarate and pyruvate with acetoacetate. Nothing 
is yet known about the properties of the pyruvic enzyme, but apparently it can 
catalyse the reduction of coenzyme Iand like the B-hydroxybutyric dehydrogenase 
probably belongs to the class of donator systems. The tissue slices are saturated 
with respect to coenzyme I; hence no addition is necessary. It is, of course, an 
assumption that the coenzyme is the actual linking agent, but since the coenzyme 
is present in all tissues and since most of the systems tested by Krebs & Johnson 
normally react with coenzymes, the assumption is to some extent justified. 

Thus far we have only considered coenzyme I (diphosphopyridinenucleotide). 
Experiments are in progress to test whether coenzyme II (triphosphopyridine- 
nucleotide) can play the following role: 

(13) Reductant, + coenzyme II —— oxidant, + reduced coenzyme II. 
(14) Reduced coenzyme II + coenzyme I —— coenzyme II +reduced coenzyme I. 
(15) Reduced coenzyme I + oxidantg ——> coenzyme I + reductantg. 


There is also the possibility that a reaction between two dehydrogenase systems, 
e.g. hexosemonophosphate and fumarate can take place via coenzyme II 
exclusively. 

The oxidoreductions between «-glycerophosphate or triosephosphate and 
pyruvate, which are considered to be essential reactions in the glycolytic process, 
have been shown to require coenzyme I [cf. Euler et al. 1937]. The assumption 
is generally made that dehydrogenases are involved in these oxidoreductions, 
although the evidence is inadequate. A triosephosphate dehydrogenase has been 
described in animal tissues but no one has succeeded in demonstrating an active 
triosephosphate dehydrogenase in actively glycolysing extracts. The «a- 
glycerophosphate dehydrogenase similarly is not readily demonstrable in such 
extracts. Furthermore, this dehydrogenase is incapable of catalysing the reaction 
of the substrate with the coenzyme. It is conceivable that a special mutase 
catalyses the reaction between triosephosphate or «-glycerophosphate and 
pyruvic acid. By mutase is implied an enzyme which activates an oxidant of 
one substrate system and a reductant of another. The simplest mutase is the 
aldehyde mutase which activates the same substrate, viz. aldehyde which is at 
once the oxidant of the alcohol-aldehyde system and the reductant of the 
aldehyde-acid system. If a mutase is in fact involved in the glycolytic cycle, 
it must be considered as a mixed mutase. 

The mechanism of mutase action is essentially that of a coenzyme-linked 
reaction. The only difference lies in the fact that the two activating centres 
instead of being present in two different dehydrogenases are present on the 
same enzyme. The two activating centres in the mutase cannot be identical 
otherwise no coenzyme would be essential to act as the link. For example, the 
xanthine oxidase which catalyses the dismutation of xanthine to hypoxanthine 
and uric acid does not require a carrier for this reaction since the same active 
group catalyses both the oxidation and reduction of xanthine [cf. Green, 1934]. 
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SUMMARY 


Coenzyme I can act as the carrier for the following oxidoreductions: the 
oxidation of B-hydroxybutyrate by (1) fumarate, (2) oxaloacetate, (3) pyruvate, 
(4) acetoacetate and (5) aldehyde, and the dismutation of fumarate to succinate 
and oxaloacetate. The coenzyme functions by being reduced by the donator 
system and oxidized by the acceptor system. 


We should like to express our thanks to Dr L. F. Leloir for his help in some of 
the early experiments. 
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Note added 2 July 1937. In collaboration with Dr D. M. Needham we have 
succeeded in demonstrating that the reaction between «-glycerophosphate and 
pyruvate is catalysed by a soluble mutase which is not identical with the 
a-glycerophosphate dehydrogenase. This mutase or an associated enzyme also 
catalyses the reactions between triosephosphate or glyceraldehyde on the one 
hand and pyruvate or oxaloacetate on the other. Coenzyme I is necessary for 
all these oxidoreductions. 
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In a preceding paper [Nicolaysen, 1937, 1] metabolism experiments on rats were 
described, from the results of which it was inferred that vitamin D in the gut 
exerts its action primarily on the absorption of Ca, its influence on the absorption 
of P being a secondary effect. The direct action of vitamin D on the absorption 
of Ca was confirmed in experiments in which the rates of absorption from 
isolated loops were studied [Nicolaysen, 1937, 2]. It must be borne in mind, 
however, that in the metabolism experiments only restricted amounts of 
phosphates could be given, which the vitamin D-deficient rats were able to 
absorb completely. It appeared still possible, therefore, that vitamin D might 
influence the rate of absorption of P in a way which could not be detected when 
feeding limited amounts. In the experiments described below the “‘isolated loop 
technique” which permits a direct measurement of the rate of absorption, as 
well as testing with large amounts was employed. The present paper also deals 
with several outstanding points which remained to be decided with regard to the 
mode of absorption of phosphates in normal animals. 


EXPERIMENTAL 


The rats for experiments with vitamin D were given the Steenbock-Black 
rachitogenic ration 2965 at least 6 weeks before experiments were performed on 
them. The controls received 501.U. vitamin D (as calciferol) daily, at least 
1 week before experiment. The rats used for the other experiments here pre- 
sented were kept on the stock diet the whole time. The rats weighed 80-130 g. 
The experimental technique was essentially the same as previously reported 
[Nicolaysen, 1937, 2]. 


Absorption of inorganic phosphate from isolated loops 

Solutions of KH,PO, ranging from 0-4 to 1-6 x isotonic were used for these 
experiments. The rate of absorption of phosphate was measured in 4 normal and 
4 vitamin D-deficient rats for each strength. 

Fig. 1 gives the results. From this it appears that the rates of absorption of 
inorganic phosphate are identical in normal and vitamin D-deficient rats. From 
the 1-2 x isotonic solution about 5 mg. P are absorbed in 1 hr. from the 30 cm. 
loop. This is a rate about five times that of Ca absorption in normal rats and 
about ten times that in vitamin D-deficient rats. 

The shape of the smoothed curve indicates a direct relationship between the 
speed of absorption and the concentration of phosphate in the lumen. It is 
established [Verzar, 1935] that glucose is absorbed at a rate which is inde- 
pendent of concentration, and this is thought to be due to a phosphorylation of 
glucose in the gut wall. The difference in the type of the absorption curves for 
( 1086 ) 
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inorganic phosphate and for glucose indicates that the absorption of phosphate 
is not essentially dependent on esterification with glucose. 
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Fig. 1. The absorption of inorganic P from isolated loops of the jejunum 
3 ml. KH,PO, solutions injected into 30 cm. loops. 


e Normal rats. x Vitamin D-deficient rats. 


The absorption of phosphates from isolated loops of the intestines of rats 
poisoned with iodoacetic acid 


It is known that inhibition of phosphorylation with iodoacetic acid reduces 
the rate of absorption of glucose. In order to confirm the difference in the mechan- 
isms of the absorption of phosphates and glucose, experiments were performed 
to decide if iodoacetic acid reduced the rate of absorption of phosphates as well. 
1-6 and 0-8 x isotonic solutions of KH,PO, were used, and each solution tested on 
4 normal rats and 4 rats poisoned with iodoacetic acid (0-15 mg. per g. body wt.). 
No difference was observed in the rates of absorption between the two groups of 
animals. The rate of absorption was the same as given for these solutions in 
Fig. 1. It appeared still possible that esterification could take place in the 
bowel. Direct P estimation and P estimation after ashing, however, gave identical 
results. The absorption of inorganic phosphate is therefore independent of 
esterification with glucose. 


The absorption of organic phosphate from isolated loops 


Mathieu [1935] studied the absorption of different hexosephosphate esters 
and found that they were readily absorbed as esters. No hydrolysis occurred in 
his experiments. At the end of the experiments all phosphate remaining in the 
lumen was still present in organic combination. In the metabolism experiments 
the author found that organic phosphate was absorbed completely in normal as 
well as in vitamin D-deficient rats. Since, however, the rats would eat limited 
amounts only, it was of interest to follow up the question by a direct measure- 
ment of the rate of absorption. Isotonic solutions of alkaline sodium glycero- 
phosphate were used for this purpose. 

From Table I it will be seen that glycerophosphate is absorbed as quickly in 
vitamin D-deficient as in normal rats. 


Table I. The absorption of sodium glycerophosphate from isolated loops of 
the small intestine 


14-5 mg. P as glycerophosphate injected into 30 cm. loops 
mg. P absorbed during 1 hr. 


eo 
Vitamin D- 
Normal rats deficient rats 
3-1 3-4 
3-1 3-6 
3-2 3-8 
3-4 4-2 
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The hydrolysis of organic phosphate in the intestine 


To decide whether any hydrolysis of the ester was taking place direct P 
estimations were performed in the content remaining in the lumen at the end of 
the experiments. The values are given in Table II. Inorganic phosphate con- 
stitutes 1/3-2/3 of the remaining P (determined after wet ashing). The phos- 
phatases which perform this hydrolysis have a pH optimum about 9, and they 


Table II. The hydrolysis of sodiwm glycerophosphate in the small intestine 
at pH 8-5 
14-5 mg. P as glycerophosphate injected. 1 hr. experiment 


Unabsorbed P Organic P Inorganic P 
mg. mg. mg. 
Vitamin D-deficient rats 11-1 
10-9 
10-7 
10-3 
Normal rats 11-4 
11-4 
11-3 
11-2 
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are very slightly active at about pH 6. Mathieu does not give the pH of the 
solutions used in his experiments. As hexosephosphates are hydrolysed as readily 
as glycerophosphate it may be that the discrepancy between the results here 
presented and Mathieu’s is due to a difference in the pH of the solutions 
injected. 

A new solution with the same concentration of glycerophosphate was 
prepared, but was brought to pH 6 by addition of hydrochloric acid. When the 
experiments were repeated with this solution, the inorganic phosphate in the 
content remaining in the lumen after 1 hr. was only 0-5-0-9 mg. P in 5 rats. As 
would be expected, therefore the pH of the intestinal content governs the 
hydrolysis of phosphoric esters in the bowel. The pH in the small intestine ranges 
from 3 to 4 in the duodenum and up to about 6 in the ileum. In intact rats 
phosphoric esters ingested with the food should therefore be absorbed largely 
without hydrolysis. 

SUMMARY 

1. Potassium phosphate and sodium glycerophosphate are absorbed equally 
well in normal and vitamin D-deficient rats. 

2. The rate of absorption of inorganic phosphate from isolated loops increases 
with increasing concentration. It is not influenced by iodoacetic acid poisoning. 

3. Esterified phosphate is absorbed largely without hydrolysis. Appreciable 
hydrolysis in the intestinal lumen is observed only at a reaction more alkaline 
than that normally occurring in the small intestine. 
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Correction. In the previous paper [Nicolaysen, 1937, 2] all the values giving 
the absorbed amounts of xylose have to be reduced by 50%. 








CXLIII. STUDIES IN THE BIOCHEMISTRY 
OF MICRO-ORGANISMS 
LV. THE MOLECULAR CONSTITUTION OF GEODIN 
AND ERDIN, TWO CHLORINE-CONTAINING META- 
BOLIC PRODUCTS OF ASPERGILLUS TERREUS THOM. 


PART I. THE CONSTITUTIONAL RELATIONSHIP OF 
GEODIN AND ERDIN 











By PERCIVAL WALTER CLUTTERBUCK, WALTER KOERBER 
AND HAROLD RAISTRICK 


From the Division of Biochemistry, London School of Hygiene and Tropical 
Medicine, University of London 







(Received 28 May 1937) 









In a recent communication [Raistrick & Smith, 1936] it was shown that a strain of 
Aspergillus terreus Thom, when grown on Czapek-Dox solution containing KCl 
as the sole source of chlorine, produced two new mould metabolic products, geodin, 
C,,H,,0,Cl,, i.e. C,;H,O;Cl,(OCH,)., and erdin, C,,H, )0,Cly, i.e. C,;H,O,Cl,(OCHs), 
and it was proved that these substances were true metabolic products and not 
artefacts. 

We have now shown that these two compounds are closely related in struc- 
ture, geodin being the dextrorotatory isomeride of a monomethyl ether of the 
optically inactive erdin. 

As reported in the earlier paper, geodin and erdin, on treatment with 
diazomethane, give compounds having the same empirical formula, 


C¢H,O,N,Cl,(OCH)s 


the melting-points being 151° (decomp.) and 154° (decomp.) respectively. The 
mixed m.P. of these compounds gave, however, a depression to 142-144°. This 
is undoubtedly due to the experimentally established fact that the geodin com- 
pound is optically active, whilst the erdin compound is not. In the compound 
from geodin one methoxy] group, in that from erdin two methoxy] groups, have 
been added, whilst in both compounds union with a molecule of diazomethane 
has occurred, presumably at a double bond. 

It was also shown in the earlier paper that both geodin and erdin absorb 
1 mol. of hydrogen giving dihydro-derivatives, and that in the case of geodin, 
loss of optical activity occurred during the process. The dihydro-derivatives 
were, therefore, methylated in the hope that both dihydrogeodin and dihydro- 
erdin would give the same compound. This proved to be the case, dihydrogeodin 
with diazomethane adding three, and dihydroerdin adding four methoxyl 
groups, the products both having the same empirical formula, C,;H,O,Cl,(OCHs); , 
the same M.P. and showing no depression of M.P. on mixing. It will be noted that 
diazomethane did not form an addition product with these dihydro-derivatives. 
Both methylated dihydrogeodin and methylated dihydroerdin, on hydrolysis 
with dilute NaOH in alcoholic solution, lost one methoxyl group and gave rise 
to the same monobasic acid, C,;H,O;Cl,(OCH,),. 
( 1089 ) 
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The view that geodin and erdin have the same basal structure was further 
confirmed by the fact that both compounds, on methylating in alkaline solution 
with methyl sulphate, gave the same methyl derivative. In this case, a molecule 
of water is added to each molecule, geodin is rendered optically inactive, geodin 
adds four and erdin five methoxyl groups, each product having the formula 
C,;H,O,Cl,(OCH;), having the same m.P. and showing no depression of M.P. 
on mixing. Both methylated geodin and methylated erdin, on hydrolysis with 
dilute NaOH in alcoholic solution, lost one methoxyl group and gave rise to the 
same monobasic acid C,;H;0,Cl,(OCH,); . 

On acetylation, geodin forms a tetraacetate, the empirical formula for which 
(C.;H_.0,.Cl, = C,,H,,0,Cl, + H,O+4COCH,) indicates the addition of the ele- 
ments of water during acetylation, thus recalling the behaviour of geodin on 
methylation with methyl sulphate, when a tetramethyl derivative is formed, and 
the elements of water are added. On the other hand, dihydrogeodin on acetyla- 
tion gives a triacetate, C,,H,)0,,Cl,, without the addition of the elements of 
water, just as dihydrogeodin, on methylation with diazomethane, forms a 
trimethyl derivative also without the addition of the elements of water. 

Further work is in progress on the molecular structure of geodin and erdin, 
and will be reported at a later date. 


EXPERIMENTAL 


Methylation of dihydrogeodin and of dihydroerdin with diazomethane. It has 
been shown [Raistrick & Smith, 1936] that geodin, which is dextrorotatory, on 
treatment with Pd—C—H, in alcoholic solution, absorbs H, and gives dihydro- 
geodin, which is optically inactive. This compound was prepared and methylated 
with diazomethane in ether and after removal of solvent, the methylated product 
solidified. On recrystallization from light petroleum, B.P. 50-60°, it separated 
in colourless needles, M.Pp. 108°. (Found (Weiler): C, 54-11, 54:13; H, 4-49, 
4-42; Cl, 16-03, 15-94; N, nil; OCH, (macro), 34:1%. C,;H;0,Cl,(OCH,), 
requires C, 54-16; H, 4-55; Cl, 16-03; 50CH,, 35-0%.) The compound therefore 
contains five methoxyl groups and diazomethane had thusinserted three additional 
methoxyl groups. The same compound (m.P. 108°) was obtained from dihydro- 
erdin on methylation with ethereal diazomethane, four additional methoxyl 
groups being inserted. Methylated dihydrogeodin did not depress the m.P. of 
methylated dihydroerdin. 

Hydrolysis of methylated dihydrogeodin and of methylated dihydroerdin. 
Methylated dihydrogeodin (560-3 mg.) was dissolved in alcohol (50 ml.) and 
N NaOH (25 ml.) added. After boiling under a reflux condenser for 1 hr. and 
titrating back, 1-30 ml. N NaOH had been used (removal of one OMe group 
requires 1-26 ml.). After removing alcohol and acidifying, 510 mg. of a dry acid, 
M.P. 168°, were obtained, which on recrystallization from alcohol-water separated 
in colourless rectangular prisms, M.P. 168°, readily soluble in NaHCO,. (Found 
(Weiler): C, 52-94, 53-02; H, 4:24, 4-41; Cl, 15-8, 16-0; OMe, 28-1, 285%. 
C,;H,O0,Cl,(OMe), requires C, 53-13; H, 4:23; Cl, 16-55; OMe, 28-9%.) 49-8 mg. 
of this acid, on titration to phenolphthalein, required 1-18 ml. V/10 NaOH, 
corresponding with an equivalent of 422 (C,,H,,0,Cl,, titrating as a monobasic 
acid, requires 429). Methylated dihydroerdin was hydrolysed in the same way 
as methylated dihydrogeodin and gave the same acid having the same M.P., mixed 
M.P. and equivalent and the same general properties. 

One methoxyl group in methylated dihydrogeodin and in methylated dihydro- 
erdin is thus hydrolysable by heating with NaOH in alcoholic solution and is 
therefore probably present as a methyl ester group. 
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Methylation of geodin and erdin in alkaline solution with methyl sulphate. 
Geodin (0-5 g.) was dissolved in acetone (10 ml.) and methyl sulphate (5 ml.) was 
added. 2N NaOH (8 lots of 5 ml. each) was added at intervals with shaking. 
Geodin readily dissolved in NaOH but, as methylation neared completion, a very 
pale yellow crystalline methylation product separated from the alkaline solution 
and was filtered, washed and dried; m.p. 147°. After boiling in methyl alcoholic 
solution with a little charcoal, filtering and adding a little water, it crystallized 
in colourless needles, M.P. 150°. It did not lose weight on drying at 60° in a high 
vacuum. (Found: C, 53-88; H, 4-69; Cl, 15-0; 14:7; OCH, (macro) 38-0%. 
C,;H,0,Cl,(OMe), requires C, 53-25; H, 4-69; Cl, 15-01; 60CH,, 39-3 % .) 

The substance was optically inactive. Since 

C,,H,,0,Cl, = C,,H,,0,Cl, + H,O + 4CH,, 


it appears that, on methylation in alkaline solution with methyl sulphate, geodin 
adds 1 mol. H,O, and four OH groups are methylated. 

The behaviour of erdin on methylation in alkaline solution with methyl 
sulphate was exactly similar to that of geodin, the two methylation products 
having the same general properties, M.P. and mixed M.P. 

Hydrolysis of methylated geodin and of methylated erdin. Methylated geodin 
(0-4168 g.) prepared as described above was hydrolysed. It was dissolved in 
alcohol (50 ml.), N NaOH (25 ml.) was added and the solution heated on the 
water-bath for 2 hr. On back-titration, 0-95 ml. N NaOH had been used: (the 
loss of one OMe group requires 0-88 ml.). After removal of alcohol the titrated 
solution was acidified. A crystalline precipitate separated, which was filtered and 
dried, and then crystallized from alcohol containing a little water in long colourless 
needles, M.P. 163°. (Found (Weiler) : C, 52-50, 52-60; H, 4-53, 4-67; Cl, 14-8, 15-2; 
OCH, (macro), 31-83%. C,;H;0,Cl,(OMe),; requires C, 52-28; H, 4-39; Cl, 15-46; 
50CH;, 33-8%.) 0-1076 g. required 2-35 ml. N/10 NaOH for neutralization to 
phenolphthalein, corresponding with an equivalent of 458. (C,,H,,0,Cl,, titrating 
as a monobasic acid, requires 459.) It appears, therefore, that of the six OMe 
groups of methylated geodin, one is readily hydrolysable by N NaOH. 

The acid obtained on hydrolysis of methylated erdin had the same general 
properties, the same M.P., mixed M.P. and equivalent as that obtained, as described 
above, from methylated geodin. 

Acetylation of geodin (with Mr G. Smith). Geodin (1 g.) was heated at 140-150° 
for 20 min. with sodium acetate (2 g.), acetic anhydride (4 ml.) and glacial 
acetic acid (6 ml.). The mixture was cooled and water was added gradually until 
a turbidity appeared, the whole being then poured into excess water. The product 
obtained by this method was less sticky than that obtained by pouring directly 
into excess water. It was ground with water until no longer sticky, then filtered 
and washed; wt. 0-79g. On recrystallization from glacial acetic acid containing 
1% of acetic anhydride it separated in minute colourless plates, M.p. 209-210°. 
(Found (Schoeller): C, 51-56, 51-30; H, 3-80, 4-07; Cl, 11-92%. C,;H,,.0,,.Cl, 
(=C,,H,,0,Cl, + H,O+4COCH,) requires C, 51-26; H, 3-80; Cl, 12-13%.) One 
molecule of water has therefore been added and a tetra-acetate formed. 

Acetylation of dihydrogeodin. Dihydrogeodin (0-5 g.) was heated for 20 min. 
at 140-150° with sodium acetate (1 g.), acetic anhydride (2 ml.) and glacial acetic 
acid (3 ml.). The material was isolated as above and gave a crude product which, 
on crystallization from acetic acid containing 1 % acetic anhydride, separated in 
colourless, rectangular prisms, M.P. 154°. (Found (Weiler): C, 52-49; H, 3-92; 
Cl, 13-57%. Cy3H 90, ,Cl, (=C,,H,,0,Cl, + 3COCH,) requires C, 52-35; H, 3-82; 
Cl, 13-47%.) The compound is therefore the triacetate of dihydrogeodin. 
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SUMMARY 


Geodin, C,,H,,0,Cl,, and erdin, C,,H,,0,Cl,, metabolic products of Asper- 
gillus terreus Thom, have been shown to be closely related in structure, geodin 
being the dextrorotatory isomeride of a monomethyl ether of the optically 
inactive erdin. This follows since geodin and erdin give the same methyl ether 
on methylation with methyl sulphate in alkaline solution, and dihydrogeodin 
and dihydroerdin give the same methyl ether on methylation with ethereal 
diazomethane. 
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It is well known that ethyl alcohol dehydrates gels. In the experiments reported 
here, the action of methyl, ethyl, n-propyl, n-butyl and isobutyl alcohols on 
gelatin gels has been studied. 






EXPERIMENTAL 


Preparation. Coignet’s Gold Label gelatin was dissolved in boiling water with 
stirring and then cooled in a refrigerator. Pieces were cut to a definite shape and 
weighed in a weighing bottle. 

Dry weight was determined by heating samples of the gel to constant weight 
at 110°. Following Duke-Elder & Davson [1935] the dry weight of some of the 
gels was determined after treatment with ethyl alcohol. The dry weight of these 
alcohol-treated gels was greater by 2-5 % than that of untreated gels, and this 
increase in weight was due to the incomplete removal of alcohol by heating to 
110°. The alcohol-treated gels do not melt on heating, but swell, their previously 
concave sides becoming convex. On section the outer walls are hard and 
tough, containing almost all the solid. When these gels are immersed in water, 
alcohol diffuses out and can be detected (after distillation) by its reducing action 
and by the formation of iodoform. 

Degree of swelling. The pieces of gel were immersed in a measured quantity 
(usually 50 ml.) of the alcohol at room temperature, removed at intervals, dried 
superficially with filter-paper and weighed in a weighing bottle [Jordan-Lloyd, 
1931]. In order to attain a true equilibrium between the pure alcohol and the 
gel, the alcohol which had been diluted by diffusion of water from the gel was 
replaced by fresh alcohol after each weighing. The figure used as a measure of 
swelling was obtained by dividing the weight of a gel by its calculated dry 
weight and multiplying by a hundred. 



























RESULTS 


The gels rapidly decreased in weight in each of the five alcohols used, reaching 
a constant weight in 2 or 3 days. Those treated with methyl or ethyl alcohol 
became hard and cloudy in appearance, while those treated with propyl or 
butyl alcohol became extremely hard and quite opaque. 

On reswelling in water, the gels increased in weight rapidly for 3 days and 
thereafter more slowly and at a rate similar to that of untreated gels in water 
(Fig. 1). The reswollen gels were softer and more friable than untreated ones and 
those treated with propyl or butyl alcohol did not regain their original weight in 
17-18 days. 

During dehydration bubbles of gas formed under the pieces of gel, especially 
in ethyl or propyl alcohol. This gas was found to be a mixture of oxygen, carbon 
dioxide and nitrogen and was probably air liberated from the alcohol by dilution 
with water which had diffused out from the gels. 

( 1093 ) 
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On reswelling in water the alcohol diffused out from the gel and could be 
detected in the surrounding water, showing that dehydration is accompanied by 
the passage of alcohol into the gel. 
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Shape and size of the gel 


Table I shows that swelling in ethyl alcohol varies slightly with the shape of 
the gel, inversely as the thickness and directly with the area of cross-section. 
The equilibrium swelling appears to bear no relation to either the volume, total 


surface or to the ratio volume/surface. 


Table I 


Initial swelling 1090. Treated with 93% ethyl alcohol 


Thickness Swelling at 

Cross-section mm. equilibrium 
Circle, diameter 47 mm. 258 
47 mm. 2 263 
47 mm. 280 
47 mm. 308 
196 


Square, side 10 mm. 
20 mm. 237 
40 mm. 298 


Miztures of ethyl alcohol and water 


The swelling of the gels at equilibrium increased regularly as the amount of 
alcohol decreased to 20% by volume. With concentrations of alcohol between 
10 and 20 % , the weight of the gel decreased for 24-48 hr. and thereafter increased, 
while with 5% alcohol there was no appreciable decrease in weight (Fig. 2). 
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Preliminary treatment 


The effect of swelling in water or treatment with dilute alcohol solutions 
before dehydration by ethyl alcohol is shown in Table II. It is evident that 
swelling in water results in a proportionate increase in the equilibrium weight in 








Table IT 
Initial swelling 1260. Dimensions 30.30.10 mm. Treated with 93% alcohol 
Swelling 














Previous treatment Before After Before/after 
None 1260 308 4-1 
Water 1290 312 4-1 
rs 1345 325 41 
= 1355 340 4-0 
oid 1392 346 4-0 
a 1430 342 4-2 
5% alcohol 1848 539 3-4 
10% 4, 1521 494 31 
15% 9 1220 460 2-7 
20% as 962 366 2-6 
25% “a 790 296 2-7 
50% ” 512 284 1-8 






alcohol, but that this is not the case when the preliminary treatment is with 
alcohol-water mixtures. In this case the equilibrium weight is progressively 
greater than would be expected with an untreated gel or with one swollen in 
water. 







Discussion 


Weber & Lederer [1936] published experiments similar to those reported here. 
They used a constant volume (50 ml.) of gelatin gel and the same volume of liquid 
superimposed on the gel set in a dish, measuring the volume of liquid at intervals. 
It is difficult to make deductions from their results as to the effects of pure 
alcohols on the gels because of the fact that they did not renew the alcohol at all. 
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This is especially marked in the case of the less soluble butyl alcohols which, 
according to Weber & Lederer’s results have practically no dehydrating action, 
while Fig. 1 shows that they are as powerful as propyl alcohol. Also the increase 
in volume of the supernatant fluid cannot be taken as a quantitative measure of 
the decrease in volume of the gel because of the change in volume which occurs 
when water from the gel mixes with the alcohol. This effect, while small in 
relation to the total volume of liquid, is appreciable compared with the change in 
volume; e.g. if 18-7 ml. of water mix with 50 ml. of ethyl alcohol, the contraction 
is 2-1 ml., so that the apparent shrinkage of the gel is 16-6 ml. against a true 
decrease of 18-7 ml., a difference of 11%. 

Jordan-Lloyd [1931] showed that the thickness of a gel has an effect on its 
swelling in water and salt solutions similar to that shown here in connexion with 
dehydration by alcohol. Her experiments also showed the effect of the concen- 
tration of the gel at setting on the amount of water imbibed, either with or with- 
out previous drying. The amount of swelling varied inversely as the concentra- 
tion of the gel. She deduced that the mechanical structure of the gel governed 
the amount of swelling, the implication being that the structure of the gel on 
setting remained during swelling, the extra water imbibed merely straining the 
gel structure without causing any fundamental rearrangement of the attractive 
forces between the gel particles. 

My own experiments show that dehydration by methyl alcohol is similar to 
drying by heat, in that the dehydrated gels reswell rapidly in water up to their 
original weight and thereafter increase in weight similarly to untreated gels. 
Other alcohols, however, produce a permanent change in the gel structure. 

It would seem to be clear, however, from Table II, that swelling in water 
results in a readjustment of the gel structure with imbibition and not merely in 


the straining of a structure which is essentially unchanged. If the latter were the 
case, one would expect all the gels in the first part of Table II to give the same 
swelling value in alcohol. The presence of small amounts of alcohol in the 
swelling fluid apparently prevents this readjustment, or renders it imperfect. 


SUMMARY 


On immersion in monohydric alcohols, gelatin gels are dehydrated and 
absorb some of the alcohol. The efficiency of the monohydric alcohols as 
dehydrating agents is methyl <ethy] < n-propyl, n-butyl and isobutyl. 

The equilibrium weight of a gel in ethyl alcohol varies slightly with its shape. 
In very dilute solutions of ethyl alcohol, the gel first decreases and then 
increases in weight. In solutions containing more than 20 % alcohol the weight 
steadily decreases. 

Swelling in water involves a readjustment of the gel structure, this not 
taking place in dilute alcohol solutions. 
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CXLV. THE MANOMETRIC ESTIMATION OF 
VOLATILE SUBSTANCES SOLUBLE IN WATER, 
WITH SPECIAL REFERENCE TO ETHER 


By MAURICE JOWETT! 
From the Biochemical Laboratory, Cardiff City Mental Hospital 


(Received 1 March 1937) 


Iy connexion with work on the effects of ethyl ether on respiration of surviving 
tissues by means of the Warburg manometric method [Jowett & Quastel, 1937], 
a simple method has been devised for the estimation by manometric means of 
the concentration of ether in manometric vessels. 

The method depends on the variation with temperature of the solubility of 
volatile liquids or gases in water. It may be of use with substances other than 
ether, which have partition coefficients in a suitable range in relation to the 
concentration to be estimated. 

THEORY 

The theory is applied to the Warburg constant-volume manometer, bound to 
a vessel containing both an aqueous and a gaseous phase. 

The pressure varies with temperature for three main reasons: (1) the effect 
of temperature on gas pressure according to the gas law, (2) the varying vapour 
pressure of water and (3) the effect of temperature on the distribution of sub- 
stances between gas and liquid. If a substance with a suitable partition coeffi- 
cient is present in one manometer and not in another, the difference in the 
variation with temperature of the pressure exerted by the contents of the two 
vessels will be a measure of its concentration. 

Let x mg. of a volatile substance (S) soluble in water be present in one 
manometer vessel (A) and absent from another (B) which serves as a control. The 
distribution of S between liquid and gaseous phases is measured by its Ostwald 
partition coefficient A, which is the ratio of its concentration in the liquid to that 
in the gas. If the volume of the liquid present is vp (ml.) and that of the gas 
vq (ml.), the total amount of the substance in the gaseous phase at the tem- 


ature 7’, is 
per: 1 ‘nin 


— AUF +%G" 
If the temperature is raised to a higher value 7’, the Ostwald coefficient will 
decrease and the quantity of S in the gaseous phase will increase, the amount of 
; bei 
the increase being pS pein ; 
v7 (m5) (ep) 
The pressure in vessel A will therefore rise more than that in B. If in A 
and B the total pressures are originally equal, the gas present in both at tem- 
perature 7’, will cause equal rises in pressure in both vessels, according to the gas 
law. The pressure of water vapour will usually (as in the case of the ether solutions 
that concern us) undergo the same rise in both vessels. 

The difference between the pressure increments in vessels A and B will then 
arise solely from the change in distribution of volatile substances between 
1 Beit Memorial Research Fellow. 
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liquid and gas. To obtain the simplest equation, we must have only one sub- 
stance of high A value present in different amounts in vessels A and B. In our 
application this condition is satisfied, for apart from ether and water vapour the 
only gases present are carbon dioxide-free air or oxygen. The effect of changes 
of temperature on the values of A for oxygen and nitrogen is negligibly small. 

The extra rise in pressure due to the volatile substance S is calculated from 
the gas law to be 22-4 Ty 

Ap=Axg-3fe, "373° 0° 
_ 22-4 PyT yx (A, — Ae) 


— “373M A %0) 
UF (a. 7) (+22 










Pressures are measured in mm. of manometric fluid, of which P, mm. equal 
one atmosphere, and M is the molecular weight of S. Rearranging the last 








equation, i - 
_273M Apop (+32) (+22) (1) 
22-4 Pil —_——a a ey ee RS ee SS, Cee 






It is readily deduced that 






%@ 
C, = _273 Ap (a1 +22) 









2 334 P Ts’ ——— ns (2) 
%@ 
_ 273Ap (a, 4) 
and C, = 22-4 P,T, . “kT _ * eye a ae (3) 





where C, and C, are the concentrations of S in the solution (in moles per litre) 
at temperatures 7’, and 7’, respectively. The equations also apply when the 
temperature is lowered instead of being raised ; C,, A,, T, are always the values at 
the higher temperature. 

It may sometimes be convenient to employ the last three equations in 
differential form. The equations derived are: 








273 Mv dp (a+22)" 

dT \ OF 4 
ee ee (4) 

aT 

dp % 

278 = A(A+— 
aT UF 5 
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APPLICATION TO ETHYL ETHER 


The method described can be calibrated and used empirically without any 
knowledge of partition coefficients. Over a given temperature range, provided 
that vg/vp is kept constant, the terms containing A will be constant. 

As values of A are available or can be calculated for ether, a comparison 
between measurement and calculation has been made. 

Values of A have been calculated from data [International Critical Tables, 
1928] for the composition and vapour pressures of saturated solutions of ether 
in water, on the assumption that ether behaves as a perfect gas (M=74, 
mol. vol.=22-4 |. at N.1.p.). Sufficient data for the density of the solutions 
were not available, and these were calculated from the assumption, which is 
true at 20-25°, that a contraction of 0-20 ml. per g. of ether occurs when ether 
dissolves. From the total vapour pressures of the solutions the vapour pressures 
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of water are subtracted to obtain the vapour pressures of ether over the solutions; 
the depression of the vapour pressure of water by dissolved ether can be neg- 
lected. From the vapour pressures of ether the concentrations in the vapour 


phase are calculated. 
Table I. Values of X for ether 


Temp. From Shaffer & 
“¢. Cale. equation Ronzoni 
0 142-8 142-9 
5 101-9 102-1 a 
10 73-0 73-2 — 
15 53-11 52-83 48-7 
20 38-73 38-57 39-9 
25 28-68 28-56 31-0 
30 21-52 21-54 23-0 
34-1 17-26 17-37 18-3 
40 13-12 13-13 14-0 
50 8-73 (8-98) -- 


The values of A so calculated (calc. Table I) were found to be represented, 
over the range 0-40°, with an average deviation of +0-3% by the equation 
logy) A= 2-1550 — 0-02928 ¢ + 0-0000021 23, 

t being the temperature (° C.). The agreement is shown in Table I. In the table 
are also given values of \ interpolated from the data of Shaffer & Ronzoni [1923], 
which were obtained by direct chemical analysis with more dilute solutions. The 
figures of these authors are rather higher than the calculated values. The latter, 
however, are probably themselves too high, since the densities of saturated 
ether vapour at 35° upwards are 7 % or more higher than the densities calculated 
from gas theory. The values of A calculated from the equation have been used 
for comparison with experiment. 

Calibration. A few ml. of an aqueous solution of ether of known com- 
position are measured into a manometric vessel, which is at once attached to its 
manometer. The central cylinder contains 0-05 ml. of N/2 NaOH to absorb 
traces of carbon dioxide. Several such vessels, together with a control vessel, 
are shaken in a thermostat at room temperature, and after 20 min. the mano- 
meters are read. The temperature is raised a few degrees (so as just to keep the 
manometer levels on the scale), and after 20 min. readings are again taken. 
20 min. are ample for obtaining constant readings. The taps are opened to release 
the pressure, and 10 min. later the manometers are read afresh and the raising 
of the temperature repeated. In this way a number of values of Ap over a 
temperature range of about 16-42° are obtained. Each time the taps are opened 
a little ether vapour is lost, the loss being calculated from the values of A and 
gas theory. 

From the equation for A and equation (1) the quantities of ether present are 
calculated. A typical calculation is as follows: 


t PA PB A 
Initial 17-11 — 61-5 — 65-1 46-19 
Final 21-79 111-7 43-3 34-57 





The pressures stated are with reference to atmospheric pressure as zero 
point. Ap, the pressure change in A less that in B, has the value 64-7. Also P, 
(for a lead perchlorate solution) is 4945, M=74, vp=3-05, vg= 15-25. 
Hence ita 273 x 74 : 64-7 x 3-05 (46-19 + 5-00) (34-57 +5-00) 
22-4 x 4945 294-8 11-62 
= 21-28 (mg.). 
Biochem. 1937 xxx1 
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In this experiment the data may be summarized as follows: 









Cale. 
Range of t Ap x cale. x present Actual 
17-11-21-79 64-7 21-28 20-16 1-056 
21-81-25-49 58-6 20-90 20-08 1-041 
25-51-28-94 61-7 21-13 20-01 1-056 
29-28-32-21 55-4 20-65 19-92 1-037 
32-20-35-40 62-8 20-28 19-77 1-026 
35-39-38-40 60-9 20-30 19-64 1-033 








58-7 21-09 19-49 1-082 





38-40-41-19 








The mean value derived from each such experiment is inserted in the following 
summarizing table, together with the average deviation from the mean in each 



























experiment. 
SUMMARY OF RESULTS 
mg. ether No. of 
vG initially obser- lia Calc. 
UF UP present vations P Present 
2-05 7-58 20-16 7 1-032 +0-022 
2-50 6-04 18-06 6 1-082 +0-008 
3-05 5-00 * 20-16 7 1-047 +0-015 
3-25 4-63 21-67 6 1-084 +0-010 
4-56 3-13 20-16 6 1-133 +0-004 
4-95 2-80 25-28 6 1-170 +0-012 
5-05 2-73 28-86 8 1-127 +0-034 
5-05 2-48 28-86 8 1-134 +0-017 





The values calculated are rather higher than those actually present. On the 
average, however, the discrepancy remains constant over the temperature 
range investigated. The discrepancy is attributed to error in A values and in the 
assumption that ether behaves as a perfect gas. 

It appears that the ratio of calculated to actual values is about 1-06 for 
smaller values of vy, about 1-14 for higher values. It is desired to apply the 
method (in the accompanying paper) to cases where vy=3-3. This has been done 
by calculating values of the concentration of ether by equations (2) or (3), and 
multiplying the result by 0-94 as an empirical correction factor, which should be 
accurate within a few per cent. 

It may be added that when the divergence between calculation and experi- 
ment was found, a number of sources of error were considered and found to be 
of little importance. Such, for instance, is the expansion of solutions with 
temperature, and the existence of some dead space. Absorption of ether by 
stopper grease is probably of little significance. The volume of stopper grease 
exposed to ether is of the order 0-01 ml., and the partition coefficient of ether 
between oil and water is about 4 according to Meyer and Overton. 
























SUMMARY 


A manometric method is described, applicable to constant-volume mano- 
meters, for determining volatile liquids or gases soluble in water, the partition 
of which between aqueous and gaseous phases varies considerably with tem- 
perature. The method is applied to the determination of ethyl ether. 
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CXLVI. THE EFFECTS OF ETHER 
ON BRAIN OXIDATIONS 
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Tue view has been advanced [Quastel & Wheatley, 1932] that narcotics exert 
their characteristic effects by depressing oxidations in the central nervous 
system. In a recent paper [Jowett & Quastel, 1937] the effects of certain narcotics 
(chloretone and two barbiturates) on brain oxidations have been examined. 

In the present paper are presented experiments on the effects of ethyl ether 
on brain oxidations. The volatility of ether causes some experimental difficulties, 
but ether has advantages for our purpose over the non-volatile narcotics already 
studied. The volatility of ether has been utilized to determine its concentration 
in the manometric vessels, thereby eliminating possible uncertainties in its 
concentration in the medium due to its being taken up by the tissue. Another 
advantage of ether is that its anaesthetic concentration is known. 

The results show that ether is like the other narcotics in some respects, unlike 
in others. 

Experimental methods 

The manometric methods of Warburg have been used, with slices of the 
grey matter of the cerebral cortex of the rat or guinea-pig. Usually 10-20 mg. 
dry weight of brain are used, in 3 ml. of medium, containing 0-001 M Cat, 
0-0008 M Mg++ and 0-02 M phosphate of pH 7-2 or 7-4, in addition to NaCl and 
various constituents which are named. Carbon dioxide is absorbed in caustic 
soda. 

The new feature of the work is the use of ethyl ether. Ether is transferred to 
the manometric vessels from wash-bottles containing a solution of ether in 
water. Oxygen is driven through a train of three narrow wash-bottles each con- 
taining about 120 ml. of ether solution and mounted in the thermostat. The 
circuit contains a wash-bottle in which the rate of bubbling can be counted and 
(by calibration) converted into gas volumes. The ether-oxygen mixture is passed 
into a manometer through the tap at the top, and leaves the vessel through a 
gas-tap. Frequently the mixture is passed through two manometer vessels in 
series. During the treatment with gas the vessels, containing tissue, are shaken 
at about 100 complete swings per min., and the manometer fluid is moved up 
and down a number of times. 

If the gas treatment is too short, the vessels will contain a lower concentra- 
tion of ether than the wash-bottles. If it is too long, the last wash-bottle in the 
circuit will lose some ether and again a low concentration will be found in the 
vessels. We have usually passed through about 300-600 ml. of oxygen during a 
period of 8 min. A method of estimating ether concentrations in the vessels has 
been devised [Jowett, 1937], by which it has been found that the technique 
described usually results in obtaining a calculated concentration of ether in the 
vessels equal to 80-95 % of that originally present in the wash-bottles. The low 
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and variable results are due to the rough way in which equilibration was carried 
out; finer regulation of gas flow and perhaps a longer train of wash-bottles would 
be desirable. When two manometric vessels were treated with gas in series, the 
second vessel showed an ether concentration about 6% lower than the first. 

The detailed application of the method of estimation is as follows. When 
respiration measurements are complete, excess acid (say, 0-1 ml. of 4NV H,SQ,) is 
tipped from a side-tube into the main compartment of the manometer vessels. 
After 20 min. shaking, manometer readings are made on the vessels containing 
ether and on at least one vessel containing none. The thermostat temperature 
is then altered (usually lowered) by 1-5-4-5°, and 15 min. later the manometers 
are read again. The temperature change is made as large as is compatible with 
keeping the readings within scale limits. The calculation of results is described 
elsewhere [Jowett, 1937]. The values calculated are considered to be accurate 
within a few per cent. The accuracy is sufficient for our purpose. 

After etherizing manometer vessels, the readings of vessels containing no 
tissue become constant in a few minutes (as also do the readings of vessels 
containing tissue after acidification). This constancy is of course an almost 
indispensable condition of the experiments, and it allows us to use vessels con- 
taining oxygen only as thermo-barometer controls for ether-containing vessels. 

When tissue is present, its respiration gives reasonable and consistent values 
if the first reading is made 10-12 min. after ceasing to etherize. It appears that 
the tissue reaches equilibrium with ether rapidly. This is convincingly shown in 
the experiments with succinate as substrate (Figs. 9 and 10), where the presence 
of ether has no apparent effect on the respiration of brain. If ether continued to 
be taken up by the tissue appreciably during the period of measurements, but at 
a decreasing rate, we should see superimposed on the true respiration an accelera- 
tion by ether which disappeared as time passed. It is unlikely that the true 
effect of ether at two different concentrations should be such as exactly to counter- 
balance the effect of an absorption of ether, and that the true effect should be an 
evanescent inhibition. Similar arguments, of varying force, can be applied to 
other curves, and the conclusion can safely be drawn that slow equilibration of 
tissue with ether does not appreciably affect our results. A possible exception 
exists with regard to loss of ether from tissues: 

Two methods of experiment have been employed: (1) before etherizing one of 
two experimental vessels, measurement of the respiration in both is made for a 
period, and subsequent effects of ether in one vessel are calculated with reference 
to these initial measurements as a basis; or (2) one of the vessels is etherized at 
once on placing in the thermostat, and the effect of ether, relative to the 
behaviour of the other, is calculated from tissue weights and vessel constants. 


THE EFFECT OF ETHER ON BRAIN OXIDATIONS 


A general result which has been found to apply to all our observations is 
that when ether affects oxidation in brain slices the action is an inhibitory one 
which develops gradually and progressively as time passes. 

When the curves for the effect are extrapolated to the time at which the 
exposure to ether began, there is at that time no effect on the respiration. This 
result has been obtained so generally that in a few experiments where the curves 
do not lead to this result we have felt justified in applying a correction of not 
more than + 10% to the position of the curve. The necessity for such a correc- 
tion arises from the fact that the effects of ether on respiration are calculated by 
allowing by means of a “‘control’’ vessel for changes in respiration which occur in 
the absence of ether. Two sets of tissue slices from the same brain examined at 
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the same time under the same conditions may show differences in their Qo, 
values up to 10%, although the course of the respiration in a relative sense 
usually agrees much better. 

In the curves which follow, the respiration in absence of ether is always set 
equal to 100, and that in presence of ether is stated relatively to this standard. 
Experimental points are usually indicated, except in smoothed curves which 
generalize the results. Few numerical values are given, since curves express the 
data more conveniently. Times are stated in minutes, and the zero point is the 
time at which ether was first admitted, although several minutes pass before the 
final ether concentration is approximately attained. Typical results are given 
in the curves. 


The effects of various concentrations of ether on respiration of rat and 
guinea-pig brains in presence of glucose 


As is shown in Figs. 1 and 2, ether causes a progressive inhibition of the 
respiration at 37°. The inhibition is, within experimental error, nil when ether is 
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Fig. 1. Effect of ether on respiration of rat brain in presence of glucose. 37°, K+ 0-002M. 


Fig. 2. Effect of ether on respiration of guinea-pig brain in presence of glucose. 37°, K+ 0-002M. 


first added, and develops in a regular manner with time. At the lower concentra- 
tions of ether (0-02—0-03 VM) there is an apparent time-lag before the inhibition 
begins to appear. At the higher concentrations (0-05 M upwards) the inhibition 
begins to appear at once. At sufficiently high concentrations (0-1 M) the 
inhibition of respiration proceeds roughly as if the respiratory system were 
attacked by ether according to the law of mass action, so that the respiration 
follows approximately an equation of the type R= R,.e-**, in which ¢ and ¢ are 
concentration and time. In the experiments of Figs. 1 and 2 the potassium ion 
concentration in the medium is 0-002 MV, a rather low value. 


The effect of potassium ion concentration on the inhibitory action of ether 


It has already been found [Jowett & Quastel, 1937] that the potassium ion 
concentration in the medium influences the inhibitory action of certain narcotics 
on brain respiration. At a low potassium ion concentration the inhibitory action 
of narcotics becomes progressively greater with time, while at higher potassium 
ion concentrations the inhibition reaches, or tends to reach, a steady level. 
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With ether also the level of the potassium ion concentration influences the 
inhibitions. In Figs. 3 and 4 are shown the effects of ether on the respiration of 
guinea-pig brain in presence of glucose at 39° at high and low potassium ion 
concentrations (0-0128 and 0-002 M/), the experiments being carried out in 


parallel. 


100 


Respiration 
Respiration 





Time Time 
Fig. 3. Fig. 4. 
Fig. 3. Effect of ether on respiration of guinea-pig brain in presence of glucose. 39°, K+ 0-002M 
(low potassium). 


Fig. 4. Effect of ether on respiration of guinea-pig brain in presence of glucose. 39°, K+ 0-0128M 
(high potassium). 


At the lowest ether concentration shown (0-067 1), there is a considerable 
effect of potassium ion concentration on the inhibitory action of ether. The 
inhibition is considerably smaller at the higher potassium ion concentration, an 
effect which shows a parallelism with other narcotics. 

On the other hand, at higher ether concentrations (about 0-13 M) the level 
of the potassium ion concentration does not appreciably affect the inhibitory 


action of ether. 
Is the action of ether in vitro reversible? 


As has been shown by Quastel & Wheatley [1934], the effects of a number 
of narcotics on the respiration of brain are reversible, that is, on removing the 
brain slices to media containing no narcotic, the original respiration is nearly 
restored. 

Experiments have been made on analogous lines with ether. After exposing 
rat brain slices to ether in the presence of glucose for some time, the ether was 
swept out of the manometer vessels with a stream of oxygen which was passed 
through for 8 min., and the respiration was subsequently measured. The removal 
of ether from the vessels was effective, for as determined by the manometric 
method the ether tension in the vessels (after acidifying the tissue) was only 
3-5 % of that originally introduced. 

In the exposure to ether both concentration and time of exposure must be 
taken into account. In Table I the time of exposure is reckoned as the interval 
between first beginning to admit ether and first beginning to remove it. After 
the ether has been removed the respiration is lower (relative to the control) than 
it was before ether was admitted, and the magnitude of the lowering (as far as 
the data go) increases with the concentration of ether originally present and the 
time of exposure to it. With the shorter exposures, the observed respiration is 
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not strictly constant. The apparent partial recovery in respiration seen with the 
shorter exposures is perhaps unreal; it may be that for some time after sweeping 
out ether the tissue is continuing to give up small quantities of ether and thereby 
vitiating for some time the respiration values, which may be initially too low. 
It is nevertheless clear that when ether has brought about a large inhibition of 
respiration this does not disappear on removing ether. The last column of 
Table I shows, from experiments in which ether is present throughout (and in 
which the respiration falls continuously), the approximate time of exposure to 
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Fig. 5. Respiration of rat brain in presence of glucose after exposure to 0-051 M ether for various 
times and removal of ether. 37°, K+ 0-002M. (Cf Table I.) 


Fig. 6. The effect of 0-077M ether on respiration of rat brain in presence of glucose, 39°, 
K* 0-0128M. Ether is present initially in two vessels, and is removed from one after 80 min. 


ether required to inhibit respiration to an extent equal to that observed subse- 
quently in the experiments in which ether has been present and has been 
removed. The data suggest that respiration continues te fall for some time after 
ether is removed from the vessels. The suggestion is supported by an experiment 
at the higher potassium ion concentration (Fig. 6). Perhaps ether leaves the 
tissue slowly, or alternatively the progressive changes induced by ether may not 
be arrested at once. Removal of 95-97 % of the ether from the vessels will not 
necessarily result in removing quickly a corresponding proportion of ether from 
the tissue. An impression exists that ether leaves tissues only with difficulty. 
In the organism, according to the work of Haggard [1924], the limiting factor in 
the elimination of most of the ether is the ventilation; in vitro, where ventilation 
can be made very rapid, slow release of ether from tissue may be a limiting 
factor. 


Table I. The respiration of rat brain after exposure to and removal of ether 
Glucose. 37°. K+ 0-002 M 


Approx. sub- Time of con- 
Time of sequent respira- tinuous exposure 
Approx. cone, exposure tion to ether for 
Exp. ether (M) min. % equivalent effect 
1 0-030 34 86 65 
2 0-051 12 93 20 
3 0-051 18 78 40 
4 0-051 37 42 90 
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From thése experiments it may be concluded that if reversibility of the 
inhibitions of respiration is found in vitro, it will be found only when the exposure 
to ether is slight and the inhibitions small. 


The action of ether at various temperatures 


The steady inhibition of respiration caused by chloretone does not change 
appreciably with temperature [Jowett & Quastel, 1937]. 

The behaviour of ether is different. The progressive inhibitory action of ether 
on the respiration of guinea-pig brain in presence of glucose falls off very rapidly 
when the temperature is decreased (Fig. 7). The curves at 42° and 37° are similar 
in shape, and it is deduced from them that the time required to produce a given 
inhibition at 37° is about two and a half times as great as at 42°. Hence the 
temperature coefficient of the rate of inhibition is about 6 for 10°. The inhibitions 
at 32° are very small, and those at 27° are not measurable. 

The respiration in presence of lactate likewise has a considerable temperature 
coefficient for its rate of inhibition by ether (Fig. 8), the coefficient being perhaps 
smaller than with glucose. 
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Fig. 7. Effect of ether on respiration of guinea-pig brain in presence of glucose at different 
temperatures. K* 0-002M. 


Fig. 8. Effect of ether at different temperatures on respiration of guinea-pig brain in presence of 
iactate. K+ 0-002M. 


The difference in behaviour between chloretone and ether is due to the fact 


that with the former we measure the effect of temperature on an equilibrium, with 
the latter its effect on the rate of a process. 


The effect of ether on brain respiration in presence of various substrates 


The inhibitory action of ether on respiration has been found to depend on 
the substrate that the brain is oxidizing. When an inhibition is brought about 
by ether, the inhibition follows the same type of curve as that already found with 
glucose as substrate (Figs. 9-12). 

The magnitude of the inhibitions may be seen in Figs. 9-12 and Table II. 

The results may be summed up by placing the substrates examined in four 








EFFECTS OF ETHER ON BRAIN OXIDATIONS 1107 


classes, the oxidation of the substrates decreasing in sensitivity to ether from the 
first class onwards: 

(1) Glucose. 

(2) Lactate, pyruvate and fructose. 


(3) Glutamate. 
(4) Galactose, «-glycerophosphate, hexosediphosphate and succinate. 


Succinate 
————— Se 
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Respiration 





% 40 80 120 0 40 80 120 
Time Time 
Fig. 9. Fig. 10. 


Fig. 9. The effect of ether (0-047 -0-052M) on respiration of rat brain in presence of various 
substrates. 37°, K+ 0-002M. 


Fig. 10. The effect of ether (0-093 —0-103M) on respiration of rat brain in presence of various 
substrates. 37°, K+ 0-002M. 
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Fig. 11. Effect of 0-058M ether on respiration of guinea-pig brain in presence of various 
substrates. 39°, K* 0-002M. 


Fig. 12. Effect of 0-10M ether on respiration of guinea-pig brain in presence of galactose or 
without added substrate. 39°, K+ 0-002. 


The sensitivity of the respiration to ether in the absence of added substrate may 
also be placed in the fourth class, in which the effect of 0-05-0-06 MV ether is very 
small or non-existent. 

It is interesting that, roughly speaking, the same four classes represent the 
extents to which the various substrates are able to maintain the respiration of 


| 
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brain over a period of time. Glucose maintains the respiration best. In the 
presence of the substrates in the fourth class (except succinate), the respiration 
falls off with time very rapidly, as it does in the absence of added substrate. 
When respiration decreases rapidly as the ether effect (if any) develops, it is 
difficult to measure the effect of ether accurately. 

The relative sensitivity to ether of the oxidation of a number of the sub- 
strates investigated runs parallel with the sensitivity to other narcotics [Jowett 
& Quastel, 1937]. What part of the oxidizing mechanism renders glucose 
oxidation (for instance) sensitive to narcotics, while succinate oxidation is 
insensitive, still remains to be discovered. 


Table II. The effect of ether on the respiration of brain in presence of various 
substrates 


K+ 0-002 M. Substrate concentrations usually 0-02 M 


Inhibition after 80 min. in 
presence of 


SEN 
Temp. (a) 0-05-0-055 (b) 0-10-0-11 
20. 


Species Substrate M ether M ether 
Rat Glucose 37 52 79 
Lactate 37 32 — 
Fructose 37 32 _ 
Glutamate 37 18 50 
Succinate 37 0 0 
Guinea-pig Glucose 39 60 80 
Lactate 39 29 _ 
Pyruvate 39 29 _ 
Galactose 39 = 42 
«-Glycerophosphate 37 0 _ 
Hexosediphosphate 39 0 _ 
Nil 39 — 42 


THE EFFECT OF ETHER ON OXIDATIONS IN LIVER 


The respiration of liver has been found to be much less sensitive to ether than 
is the respiration of brain. 

In presence of lactate the respiration is slightly depressed by ether. At 
concentrations of ether of 0-05-0-10 M, an inhibition of respiration of 10-20% 
is rapidly produced. A concentration of 0-025 M seems to produce a similar 
inhibition rather more slowly. The inhibitions do not change in a regular 
manner with time. In the absence of added substrate, or with glucose added, 
the respiration of rat liver is not definitely affected by ether. It may be con- 
cluded that lactate oxidation in liver is inhibited by ether, but that some other 
oxidations are less sensitive. 

The study of the effect of narcotics on tissue respiration gives less definite 
results with tissues of mixed metabolism than with brain. Further work might 
most profitably be done on individual substrates or processes. 

The inhibition of lactate oxidation observed with liver may be related to the 
accumulation of lactate in blood found in ether anaesthesia [Ronzoni ef al. 1924}. 


THE NATURE OF THE EFFECTS OF ETHER 


The inhibitory action of ether on respiratory processes in brain shows a 
number of similarities with those of other narcotics already referred to. 

The oxidation processes affected are similar. Ether, like other narcotics, 
inhibits the oxidations of glucose, lactate, pyruvate and to less extent glutamate. 
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Like other narcotics, it does not inhibit oxidation of succinate. The inhibitory 
effects of ether, like those of other narcotics, are affected at certain concentrations 
by the potassium ion concentration. From the similar order of sensitivity to 
ether and to other narcotics of a variety of substrates, it is probably correct to 
conclude that ether affects the same components of respiratory systems as other 
narcotics do. 

The differences between ether and a number of other narcotics are also very 
striking. Ether causes progressive inhibitions, other narcotics may produce 
steady inhibitions. The action of some other narcotics is reversible, the action of 
ether has only a very limited reversibility, if any, in vitro. The progressive 
inhibitions due to ether have a high temperature coefficient, the steady inhibition 
caused by chloretone has a low one. The steadying influence of potassium ion on 
respiration in presence of ether disappears at high ether concentrations. 

We consider that the differences between ether and other narcotics investi- 
gated are due to the observed inhibitory effects of ether, at concentrations which 
produce easily measurable effects on respiration, being of an irreversible nature. 
Ether, we suggest, causes at sufficient concentrations progressive irreversible 
changes in the cortical cells. The high temperature coefficient of ether inhibitions 
may then be a measure of the varying sensitivity of the cell to irreversible changes 
produced by ether. We have already suggested [Jowett & Quastel, 1937] that at 
low potassium concentrations brain cells more rapidly undergo irreversible change 
and have shown that the effect of potassium ion has a similar temperature 
coefficient. The necessity for high potassium ion as a stabilizing agent disappears 
at low temperatures because the cell is less sensitive. The effect of potassium ion 
disappears at high ether concentrations, we suggest, because the cell is under- 
going irreversible change to an extent that potassium ion cannot influence. 

Ali these effects of ether described are at concentrations higher than those 
used in surgical anaesthesia,’ and which would cause death very rapidly. 

We cannot at present entirely dismiss the possibility that formation of one 
of the so-called peroxides of ether may play a part in the effects attributed to 
ether. Evidence against this possibility would be provided if on investigation 
other narcotics were found to behave like ether. 


The effect of anaesthesia on subsequent respiration of brain 


It has been claimed by Mayer [1935] that when rats are anaesthetized, and 
killed under anaesthesia, the respiration of brain slices found subsequently in vitro 
may be lower than that found when the rats have not been anaesthetized. The 
effect is stated to depend on the narcotic in question and on the part of the brain 
examined. Among Mayer’s results is that ether anaesthesia lowers the subse- 
quent respiration of the cortex substance by about 65% , the Qo, falling from 6-7 
to 2-4. No exact details are given of the medium employed, which is stated to be 
a Locke solution used at 37°. 

We have made some experiments on similar lines, in which rats were 
anaesthetized with ether and killed while anaesthetized by cutting the throat. 
The anaesthesia was usually sufficient to abolish the corneal and tail reflexes and 
lasted up to 50 min. The time elapsing between death and the placing of the 
brain slices in their vessels in the thermostat was 18-24 min. Control experi- 
ments, without previous anaesthesia, were made in exactly the same way. 

The results of the experiments show no measurable effect of the ether 
anaesthesia on the subsequent respiration of the grey matter of the cerebral 

1 Or alternatively, if at concentrations of this order (e.g. curves in Figs. 1 and 2), the effects 
are at low concentrations of potassium ion predisposing to irreversible change. 
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cortex, whether in presence or absence of glucose (Table III). Possibly in presence 
of glucose there is a depression of 5-10 % in respiration, but this is not outside 
the possible experimental error. 

By the time the respiration measurements are made, there has been ample 
opportunity for ether to leave the tissue slices. As will be shown in the next 
section, ether at the anaesthetic concentration has only a very small effect on brain 
respiration in vitro. If its effect in vivo is similar, we should expect only a very 
small effect in vitro, after exposure of the animal to ether and opportunity for loss 
of ether after death. Our experimental result therefore agrees with expectations 
from our other experiments. 


Table III. The effect of ether anaesthesia on subsequent respiration of 
rat brain 


Medium: K+ 0-002 M, Ca++ 0-001 M, Mg++ 0-0008 M, phosphate 0-02 M, pH 7-2. Isotonic 
with 0-16 M NaCl, glucose (when present) 0-02 M. O,. 39°. 

The figures each represent the mean of four experiments, and the percentage deviations given 
are the mean deviations of individual experiments from the mean values. 


A. In presence of glucose: 


Time in thermostat (min.) 24 40 60 80 
Anaesthetized rats. Mean Qo, 17:8 15-7 13-6 11-05 
Mean deviation (%) +7 +6 +8 +12 
Control rats. Mean Qo, 19-1 17-25 14:3 12-3 
Mean deviation (%) +6 +5 +7 +7 
% effect of anaesthesia on Qo, -7 -9 -5 -10 
B. In absence of added substrates: 
Time in thermostat (min.) 24 40 60 80 
Anaesthetized rats. Mean Qo, 9-3 6-3 4-0 2-5 
Control rats. Mean Qo, 8-3 58 3-5 2-4 
% effect of anaesthesia on Qo, +11 +9 +14 ot 


The effects of ether at anaesthetic concentrations in vitro 


Very valuable quantitative studies on ether anaesthesia in dogs have been 
made by Ronzoni [1923] and Haggard [1924], from whose work the following 


data have been extracted: 
Mean concentration 
of ether in blood 


State (M) 
Loss of consciousness 0-006 
Corneal reflex disappears 0-016 
Full surgical anaesthesia 0-018-0-020 
Homolateral flexion reflex disappears 0-021 
Respiratory failure after some hours 0-024 
Early respiratory failure 0-029 


It appears that the concentrations effective in other animals and in man are 
similar, and the ether concentration in blood at full surgical anaesthesia can be 
taken as 0-02 /. An equal concentration in water has nearly the same thermo- 
dynamic activity. The anaesthetic concentration of ether is about ten times 
higher than the concentrations of chloretone, evipan and luminal which we have 
roughly estimated to be effective; ether is evidently less active as a narcotic. 

As already pointed out, the medium in which brain slices are immersed in- 
fluences the inhibitions of brain oxidation caused by ether. The medium con- 
taining more potassium (0-0128 J) is to be regarded as more physiological than 
the medium containing less (0-002 1). 
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Experiments in the high potassium medium have shown that the effect of 
ether at a concentration of about 0-02 M on the respiration of rat and guinea- 
pig brain in presence of glucose at 39° does not exceed the experimental error, 
which is of the order of 10%. At higher concentrations of ether (about 0-03 MV 
with rat brain, 0-04 M with guinea-pig brain) a progressive inhibitory effect can 
be observed. 

At the lower potassium concentration, inhibitory effects with rat brain are 
observable at about 0-02 VM ether, and with guinea-pig brain at about 0-03 V. 
These effects are regarded as unphysiological. 

Our conclusion is that anaesthetic concentrations of ether do not inhibit by 
more than 10% the respiration of the grey matter of the cerebral cortex of rat or 
guinea-pig, as measured in vitro under our best approximation to physiological 
conditions. At rather higher concentrations of ether progressive inhibitory 
effects on respiration appear, which may well be connected with the lethal 
effects of these concentrations. 

It may be noted that Emerson [1936] states, without giving many details, 
that anaesthetic concentrations of ether do not affect the lactic dehydrogenase 
activity of brain, although higher concentrations are inhibitory. 

Our conclusion does not negative the hypothesis that ether acts as a narcotic 
because of an inhibitory effect on oxidations in the central nervous system. The 
inhibition of respiration to be expected during narcosis as a mean effect spread 
over the whole of the grey matter of the cerebral cortex is not necessarily large. 
The effects of narcotics on function are often localized, and effects on oxidations 
may also be localized. 

Localized effects on oxidations may appear at an ether concentration which 
is a threshold value for more general effects. The larger inhibitions appear to be 
irreversible, but this does not necessarily conflict with the possibility that small 
inhibitions are reversible. Moreover, it is to be noticed that during ether narcosis 
damage is sustained by the brain, which is evidence that narcosis can produce 
irreversible effects. 

The large temperature coefficient of the effect of ether on brain oxidations 
has its parallel in the finding of Meyer (quoted by Haggard [1924]) that with 
increase in temperature there is a decrease in the concentration of ether required 
to anaesthetize some lower forms of life. 

Likewise the increase with time of the effect of ether on brain oxidations 
corresponds with the fact [Ronzoni, 1923; Haggard, 1924] that the concentration 
of ether applied during anaesthesia must be lowered progressively as time passes 
in order to prevent the anaesthesia from becoming deeper. 

These two parallelisms support the view that during ether anaesthesia brain 
oxidations may be inhibited to a small extent. 


SUMMARY 


1. The effect of ethyl ether on the respiration of slices of cerebral cortex has 
been investigated. 

2. Ether may cause inhibitory effects on respiration, dependent on the 
substrate which the brain is oxidizing. With glucose, fructose, lactate, pyruvate 
and glutamate inhibition occurs. With succinate and some other substances there 
is little inhibition. 

3. When an inhibition occurs it is progressive. No immediate inhibition is 
found, but it develops as a function of time and ether concentration. 

4. Inhibitions tend to be larger when the potassium ion concentration of the 
medium is low than when it is high. 
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5. The inhibitory action of ether on the oxidation of glucose and lactate by 
brain has a large temperature coefficient. 

6. When the inhibitory effects of ether on oxidations are large, they do not 
disappear on removing the ether, but the progressive fall is arrested. These large 
inhibitions appear to be irreversible. 

7. Anaesthetizing rats with ether does not affect measurably the subsequent 
respiration of their brains in vitro. 

8. Ether has a smaller effect on liver respiration than on brain respiration. 

9. The inhibitory effects of ether at the anaesthetic concentration on the 
oxidation of glucose by cerebral cortex are within the experimental error of 
10%. Only small effects would be expected. At higher concentrations of ether 


large inhibitory effects are found. 
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CXLVII. MALIC DEHYDROGENASE! 


By KALMAN LAKI 
From the Institute of Medical Chemistry, University of Szeged 


(Received 23 April 1937) 


Tue dehydrogenation of malic acid by malic dehydrogenase has already been 
extensively studied [v. Harrison, 1935], but the question as to whether it is 
malic or fumaric acid which is dehydrogenated by this enzyme has not yet been 
settled. Tissues contain the very powerful catalyst, fumarase, which converts 
fumaric or malic acid into the equilibrium mixture of both substances. Fumarase, 
as compared with malic dehydrogenase is so active that it is immaterial 
which of the two substances is added for, owing to the activity of fumarase, both 
substances will behave in the same way as their equilibrium mixture. 

Working with malic dehydrogenase I observed that in the Thunberg experi- 
ments the decoloration of dyes occurred slightly faster if fumaric acid was 
added instead of malic, an observation which made me conclude that it was 
fumaric acid which was dehydrogenated by the enzyme and that the somewhat 
longer time in the case of malic acid was due to the necessity of this substance 
being converted into fumaric acid by fumarase. 

Green [1936], however, presented experiments which suggested that malic 
acid is dehydrogenated as such and not as fumarate. In the present paper 
further evidence, of a more decisive kind, has been obtained by experiments 
with a dehydrogenase preparation poor in fumarase. Such an enzyme can be 
prepared from horse meat by Lehman’s [1920] method. Experiments with such 
preparations clearly show that, if the activity of fumarase is strongly reduced, 
malic acid is dehydrogenated more rapidly than fumaric acid, thus proving the 
correctness of Green’s views. Muscle tissue thus seems to contain malic dehydro- 
genase but no fumaric acid dehydrogenase, and the catalytic transfer of H, 
according to Szent-Gyérgyi’s theory, must occur via the reaction malic-oxalo- 
acetic acid instead of via the reaction fumaric-oxaloacetic acid, as originally 
believed. 


EXPERIMENTAL 


Preparation of enzyme. 50 g. of minced horse meat (from young animals) 
were suspended in 50 ml. cold 0-9°% NaCl. This was pressed out through a cloth 
and the juice centrifuged. The deposit was then suspended in 100 ml. distilled 
water and kept for 4 min. in the water-bath at 50° with constant mixing. The 
warm suspension was centrifuged. (The centrifuge tubes and their holders were 
warmed beforehand to 50°.) The precipitate was suspended in 10 ml. 0-9°% NaCl. 
1 ml. of this suspension was used for every experiment in which fumarase-poor 
enzyme was required. 

Fumarase-rich enzyme was prepared in the same way, water at 0° being 
used instead of at 50°. 

Dehydrogenation experiments were carried out in the modified Thunberg 
apparatus with six tubes [Szent-Gyérgyi, 1935]. 

1 This research has been sponsored by the Josiah Macy Jr. Foundation, New York. 
( 1113 ) 
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Solutions. 134 mg. l-malic acid were neutralized with 2 ml. N NaOH and 
diluted to 10 ml. with 2-7 M/15 phosphate pH 7-4. Fumaric acid solutions were 
prepared in the same way, 116 mg. of this substance being used. The coenzyme 
solution contained 0-1 mg. cozymase per ml. 

Dye. 0-25 mg. sodium indo-2: 6-dichlorophenol-1-naphthol-2-sulphonate per 
ml. (£,,=+0-119 V. at pH 7 [Gibbs e¢ al. 1928).) 


Estimation of fumarase activity 


1 ml. enzyme and 3 ml. water were pipetted into 50 mi. Erlenmeyer flasks 
and incubated in the water-bath at 37-5°. After allowing 10 min. for tem- 
perature equilibrium to be reached, 1 ml. of the fumarate solution was added, 
the solution being warmed to 37-5° before addition. After 0, 5, 10, 20 or 40 min. 
1 ml. 20% trichloroacetic acid solution was added. After filtration the fumarate 
present was estimated by Straub’s [1935] method. Table I gives the fumarate 
found in mg. calculated for the original volume of 4 ml. 


eee OO 


Table I 
Time 
min. 50° enzyme 0° enzyme 
0 11-0 11-0 
5 — 4-8 
10 10-8 3-0 
20 8-5 2-5 
40 7-5 _ 


Thunberg experiment 
1 ml. enzyme, | ml. fumarate or malate, 1 ml. coenzyme, 1 ml. dye; temp. 
37-5°. The fumarate or malate was placed in the side-tube and added after 


evacuation. 
Results obtained with enzymes poor in fumarate (50°) are summed up in 


Table II. The numbers give the time of decoloration in minutes. Most experi- 
ments were done in duplicate. 


Table IT 
Time of decoloration in min. 
Malate Fumarate 
No. of exp. substrate substrate 
I 13, 12 21, 19 
II 20, 22 40, 37 
Ill 12 20 
IV 18, 19 23, 24 


In all experiments the control tubes (to which no malate or fumarate had 
been added) showed no decoloration in 120 min. 

Table II shows that in all the experiments in which the fumarase con- 
centration was strongly reduced the decoloration in presence of malate pro- 


ceeded distinctly faster than in presence of fumarate. 
In experiments carried out with the enzyme, washed at 0°, decoloration 
proceeded at the same rate in the case of malic and fumaric acids, apart from 


slight irregular variations. 
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SUMMARY 


Muscle dehydrogenase enzyme preparations, in which the activity of 
fumarase is strongly reduced, dehydrogenate malate faster than fumarate. It is 
presumably, therefore, malic acid rather than fumaric acid that is dehydrogenated 
by the enzyme. 


I am indebted to Prof. A. Szent-Gyérgyi for advice and suggestions. 
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CXLVIII. IDENTITY OF LACTIC AND 
MALIC DEHYDROGENASES! 


By NALIN BANDHU DAS? 
From the Institute of Medical Chemistry, University of Szeged 


(Received 23 April 1937) 


Accorpine to Szent-Gyérgyi and his collaborators the C,-dicarboxylic acids 
play an important catalytic role in respiration, by virtue of their alternate 
oxidation and reduction. An important function is attributed therein to the 
enzyme catalysing the dehydrogenation of malic acid into oxaloacetic acid. 
With regard to the possible implications it seemed to be important to decide 
whether this enzyme is identical with the laciic acid dehydrogenase. 

The question of the identity of lactic and malic dehydrogenases has been 
investigated by Green & Brosteaux [1936] and Green [1936] who found that 
the two dehydrogenases are different. Their conclusions are chiefly based on the 
observation that in different enzyme preparations the two processes, the de- 
hydrogenations of lactic and malic acids, proceed with different relative velocities. 

I am able to corroborate these observations. I am, however, of the opinion 
that these different velocities are not caused by the difference of the two de- 
hydrogenases but by circumstances not appreciated by Green & Brosteaux. 
I am led to the conclusion that both enzymes are identical. Green’s results can 
be explained by the fact that the affinity of the enzyme for malic acid is much 
higher than for lactic acid, and thus at certain smaller concentrations the enzyme 
will be saturated in the case of the C,-dicarboxylic acid but remains unsaturated 
in the case of the lactic acid. If, however, one works in each case with the 
maximum concentration of substrate, i.e. that required to saturate the surface 
of the enzyme, times of reduction become less different, as found by Green & 
Brosteaux [1936] and Green [1936]. The other circumstance which influences 
the experiment is that oxaloacetic acid, the oxidation product of malic acid, 
very strongly inhibits the dehydrogenation of the substrates, as has already 
been emphasized by Banga & Szent-Gyérgyi [1936]. Owing to this oxaloacetic 
acid inhibition, the decoloration time thus gives different indications of the 
intensity of hydrogen activation. This is not the case with lactic acid, the 
dehydrogenation of which is much less inhibited by pyruvic acid. The inhibiting 
action of oxaloacetic acid can be removed by coupling this substance with 
glutamic acid, Banga & Szent-Gyérgyi [1936] having found that in presence of 
tissue oxaloacetic acid combines at a very high rate with glutamic acid. If the 
experiments on the rate of dehydrogenation of malic acid are carried out in 
presence of glutamic acid and compared with the rate of dehydrogenation of 
lactic acid, maximum concentrations of substrate being used in each case, the 
reduction times with different preparations of enzyme are found to be equal 
within the limit of experimental error. 

The identity of the two enzymes is also supported by the fact that no 
additive effect could be obtained with the two substrates. 

1 This work has been sponsored by the Josiah Macy Jr. Foundation, New York. 
2 Lady Tata Memorial scholar. 
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The fact that oxaloacetic acid, the oxidation product of malic acid, inhibits 
the dehydrogenations of both lactic and malic acids to approximately the same 
extent also strongly supports the identity of the two dehydrogenases. On the 
other hand, pyruvic acid, the oxidation product of lactic acid, does not inhibit 
the dehydrogenation of malic acid. This can be explained by the fact that the 
affinity of the enzyme for malic acid is much higher than for lactic acid. 

The inhibitions by different substances have been tested. It has been found 
that both enzymes are inhibited by arsenious and iodoacetic acids. Fluoride 
inhibits only lactic acid dehydrogenase and not malic acid dehydrogenase under 
the experimental conditions. 

That the two dehydrogenases should be identical is not very striking, since 
malic acid and oxaloacetic acid are simply carboxy-lactic and carboxy-pyruvic 
acid respectively. 

All our enzyme preparations contained a very active fumarase which would 
convert fumaric and malic acid into an equilibrium mixture at a very high rate. 
It is thus immaterial which of these substrates is added to the enzyme pre- 
paration. 


EXPERIMENTAL 


The enzyme was prepared according to Banga [1935] by washing three 
times with equal volume of 0-9°% NaCl and was finally suspended in phosphate 
buffer at pH 7-0. 

The experiments were carried out at 37° in Thunberg tubes, the hollow 
stoppers being used for the dye. Each tube contained 1 ml. buffered enzyme; 
0-5 ml. phosphate buffer (//15; pH 7-0); 0-5 ml. coenzyme preparation; 1 ml. 
sodium indo-2:6-dichlorophenol-1-naphthol-2-sulphonate; x ml. substrate and 
1—2 ml. water; the total volume being 4 ml. Sets of six tubes were evacuated 
simultaneously with an oil pump [Szent-Gyérgyi, 1935]. dl-Lactic acid and 
l-malic acid have been used as substrates throughout this investigation. 

The concentrations of the solutions generally used were as follows: sodium 
indo-2:6-dichlorophenol-1-naphthol-2-sulphonate (1 in 5000); arsenious acid 
0-125 M; iodoacetic acid 1-0 M; coenzyme 1 mg. per ml. 

For the sake of brevity only typical examples of the large number of experi- 
ments are given. All experiments given here were done with enzyme preparation 
from pigeon breast muscle unless otherwise stated. 


Affinity of the enzyme 


In order to examine the evidences for and against the identity of lactic and 
malic dehydrogenases some aspects of their kinetics have been considered. It 
has been found that the velocity of dehydrogenation is much slower with malic 
acid than with lactic acid. This is due to the fact that the inhibition of the 
dehydrogenation of malic acid by oxaloacetic acid (the oxidation product of 
malic acid) is much more marked than is the inhibition of lactic acid by pyruvic 
acid (the oxidation product of lactic acid). The effective concentration of 
oxaloacetic acid which inhibits the dehydrogenation of malic acid is about ten 
times less than the effective concentration of pyruvic acid which inhibits the 
dehydrogenation of lactic acid (Table I). Moreover with the same concentrations 
of oxaloacetic acid and pyruvic acid the inhibition of the malic dehydrogenase 
by the former was found to be much more than the inhibition of lactic dehydro- 
genase by the latter (Table I). 

Banga & Szent-Gyérgyi [1936] have found that in the presence of tissue 
oxaloacetic acid combines very rapidly with glutamic acid. It has been found 

70—2 
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Table I 






Oxalo- 








Phos- acetic Pyruvic Time Per- 
Enzyme phate M M Co- acid acid of de- centage 
sol. buffer malate lactate enzyme (0-2 mg./ml.)(1_mg./ml.) coloration in- 
No. ml. ml. mi. mi. ml. ml. ml. in min. hibition 
1 1-0 0-5 _ _— 0-5 = — >30-0 _ 
2 1-0 05 05 — 05 a= — 3-0 _ 
3 1-0 0-5 0-5 —_— 0-5 0-1 _ 7-0 57 
4 1-0 0-5 — 0-5 0-5 = — 1-5 — 
5 1-0 0-5 — 0-5 0-5 _ 0-1 2-16 30 






Table IT 











Oxalo- 








Phos- acetic Pyruvic Time Per- 
Enzyme phate M M Co- acid acid of de- centage 
sol. buffer malate lactate enzyme (1 mg./ml.) (1 mg./ml.) coloration in- 
No. ml. ml. ml. ml. ml. ml. ml. in min. hibition 
1 1-0 0-5 — _— 0-5 — = >30-0 _ 
2 1-0 0-5 0-5 — 0-5 a= = 7-0 _ 
3 1-0 0-5 0-5 _— 0-5 0-1 — 10-5 33 
4 1-0 0-5 —_— 0-5 0-5 — — 4-5 _ 
5 1-0 0-5 — 0-5 0-5 oo 0-1 5-25 14 













that, if the dehydrogenation experiments are carried out in presence of glutamic 
acid, the times of dehydrogenation are the same within experimental error, 
maximum concentration of the substrates 








being used (Fig. 1). This is not due to 2800 (4) 
substrate action of glutamic acid, for 
the reduction of the dye with glutamic 2600 (2) 






acid alone is very slow, and to minimize 
this error equal amounts of glutamic 
acid have been added with all the con- 
centrations of lactic acid. 

It has also been observed (Fig. 1) 
that the ““maximum” concentration of 
lactic acid is about five to eight times 
greater than the maximum concentration 
of malicacid. These maximum concentra- 16 
tions of the substrates have been found 
to be different in different enzyme pre- 1400 
parations. But in all the cases the maxi- 
mum concentration of lactic acid was 
much greater than the maximum concen- 1000 
tration of malic acid. In some enzyme 0 2% 50 75 100 125 
preparations slight inhibition was ob- mM concentrations 
served with concentration of substrates Fig. 1. Curve (A). Lactic acid +glutamic 
higher than the maximum, but this was ¢id 1 mg. Curve (B). Malic acid + gluta- 
not observed regularly. From these facts setatinieeadaciteas 
it appears that the affinity of the enzyme is much higher towards malic acid 
than towards lactic acid. 
| The velocity of dehydrogenation has been calculated by multiplying the 
inverse of the dehydrogenation time by 3000. 
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Velocity 
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Inhibition by oxaloacetic acid and pyruvic acid 


The question of whether the oxidation product of one substrate inhibits the 
oxidation of the other substrate has also been studied; i.e. does oxaloacetic acid, 
the oxidation product of malic acid, inhibit the dehydrogenation of lactic 
acid, and conversely does pyruvic acid, the oxidation product of lactic acid, 
inhibit the dehydrogenation of malic acid? In the former case the lactic acid 
dehydrogenation was inhibited to an extent of 50-60% using the maximum 
concentration of lactic acid while with the same concentration of oxaloacetic 
acid the dehydrogenation of malic acid was also inhibited to the same extent 
(Table IIT). But pyruvic acid inhibited only the dehydrogenation of lactic acid 
and not the dehydrogenation of malic acid (Table IV). This inability of pyruvic 
acid to inhibit the dehydrogenation of malic acid can be explained by the fact, 
that the affinity of the enzyme is much higher for malic acid than for lactic acid. 


Table III 


Percentage inhibition 
(mg. oxaloacetic acid) 


0-4 1-0 2-0 Source of enzyme 
Sodium lactate 0-125 M 55 55 55 Pigeon breast muscle 
99 9 63 63 63 Pig liver 
” ” ae — 50 Pig kidney 
Sodium malate 0-025 MU 50 — -- Pigeon breast muscle 
Table IV 


Percentage inhibition 
Sodium pyruvate 


ey 
0-00025 M 0-0005 M 0-00075 M Source of enzyme 
Sodium fumarate 0-00125 M 0 0 0 Pig liver 
Sodium malate 0-00125 M 0 0 0 Pig kidney 
a = Acceleration in several cases Pigeon breast muscle 


Enzymes from different sources 


The relative rates of dehydrogenation of lactic and malic acids have also been 
investigated in different enzyme preparations from various sources such as 
pigeon breast muscle, pig kidney, pig liver and pig heart. In all these enzyme 
Reduction time with lactic acid 
Reduction time with malic acid 
within the range of 1-5 and 0-8, using always the maximum concentrations of the 
substrates (Table V). 


preparations the ratio of has been found to lie 


Table V 
Reduction time with lactate 
Reduction times Reduction times Reduction time with malate 
without glutamic with glutamic ——— 
acid (in min.) acid (in min.) Without With 
Source of =—_—_———— 7 a glutamic glutamic 
No. enzyme Lactate Malate Lactate Malate acid acid 
1 Pigeon muscle 6-0 4-0 — — 15 — 
2 a 12-5 10-0 —_— — 1-25 = 
3 3 6-5 5-5 —- _- 1-2 — 
4 sa 2-5 6-5 2-33 2-5 0-4 0-9 
5 ‘a 2-08 2-25 1-0 1-16 0-5 0-9 
6 es 1-83 4-0 1-75 2-16 0-3 0-8 
7 Pig kidney 4:5 3-0 — — 1-5 — 
8 Pig liver 6-0 4-0 “= — 1-5 — 
9 Pig heart 14-0 28-0 11-5 13-5 0-5 0-9 
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In Exps. 4, 5 and 6 in Table V the dehydrogenation of malic acid 
took much longer than the dehydrogenation of lactic acid. But by adding 
glutamic acid the times of dehydrogenation with lactic and malic acid became 
equal within the limits of the accuracy of the experiments. In other experiments 
the enzymes were not thoroughly washed, and as a result some donator already 
present in the enzyme probably combined with the oxaloacetic acid formed 
during the dehydrogenation of malic acid. Uniform results giving longer de- 
hydrogenation time with malic acid have been found in many enzyme pre- 
parations, which had been thoroughly washed, and in all these cases the dehydro- 
genation times with malic and lactic acids became equal when glutamic acid was 
added. From these results it appears that the two enzymes are identical. 


Dual destruction 


During this investigation whenever an enzyme preparation was for any 
reason inactive towards malic acid its activity towards lactic acid was also 
destroyed. In none of the cases was there found a case either of separation or of 
individual destruction of the enzyme. 


Inhibitors 


It seemed to be of interest also to study the effect of some inhibitors on the 
enzymes. All these inhibition experiments have been carried out with enzyme 
prepared from pigeon breast muscle, pig kidney and pig liver. Only those with 
pigeon muscle enzyme are given here. 

Arsenious acid. Sodium arsenite inhibits both lactic and malic acid de- 


hydrogenases to the same extent (Table V1). 


Table VI 
Phos- M/8 Time 
Enzyme phate M/5 M sodium of de- 
sol. buffer Coenzyme malate lactate arsenite coloration Percentage 
ml. ml. ml. F ; ml. in min. inhibition 
0-5 >30-0 = 
0-5 15 
0-5 6-5 77 
0-5 9-95 saa 
0-5 8-0 72 
0-5 >30-0 — 


A 
° 


QD Ore Wb 
Seeeooe 
Or Ot Sr Or Or Or 


Iodoacetic acid. Sodium iodoacetate also inhibits both the dehydrogenases 


(Table VII). 
Table VII 


Phos- i Time 
Enzyme phate M/5 i of de- 
sol. buffer Coenzyme malate lactate i coloration Percentage 
ml. ml. ml. 1. ; : in min. inhibition 
0-5 


A 

° 
— 
or 


Drm DO 
SSSOSS 
Or Sr or Or Or 
22eee 
Sr or cr or Oo 


Sodium fluoride only inhibits the lactic dehydrogenation and not the malic 
dehydrogenation under the experimental conditions (Table VIII). 








LACTIC AND MALIC DEHYDROGENASES 


Table VIII 


Phos- Sodium Time 
Enzyme phate Co- M/5 M fluoride of de- 
sol. buffer enzyme fumarate lactate (2 mg./ml.) coloration 
No. ml. ml. ml. ml. ml. ml. in min. 
1 1-0 0-5 0-5 — — — >30-0 
2 1-0 0-5 0-5 0-5 — — 1-5 
3 1-0 0-5 0-5 0-5 — 0-5 1-5 
4 1-0 0-5 0-5 0-5 _ 2-0 
5 1-0 0-5 0-5 — 0-5 0-5 4-08 
6 1-0 0-5 0-5 -— — 0-5 >30-0 


Method of competition 
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Percentage 
inhibition 


49 


When the enzyme is treated simultaneously with maximum concentrations 
both of lactic and malic acids, the dehydrogenation time (with both the sub- 
strates added together) lies between the respective dehydrogenation times with 
each substrate added separately. Several experiments were done with different 
enzyme preparations from pigeon breast muscle, pig kidney and pig liver. In 
none of the cases was any summation or additive effect observed. The two 
substrates thus appear to be competing for the same enzyme (Tables [X and X). 


Enzyme 


A 
° 


Qaokm who 
oe et et 


Enzyme 
sol. 


No. ml. 


DB Ore bo = 
ot tat a tt ad ft 
—— i — i — 7 —) 


Enzyme 
sol. 
before 
adsorption 
ml. 


A 
9 


rovers 
ooo 


1 
2 
3 
4 
5 


Phosphate 
buffer 
ml. 


Phosphate 
buffer 


Table IX 
M 
Coenzyme fumarate 
ml. ml. 
0-5 —- 
0-5 0-2 
0-5 0-3 
0-5 
0-5 a 
0-5 0-2 
Table X 
Coenzyme M/5 
(1 mg./ml.) malate 
ml. ml. 
0-5 — 
0-5 0-4 
0-5 0-5 
0-5 as 
0-5 —— 
0-5 0-4 


Adsorption with kaolin 


Green & Brosteaux [1936] found that after adsorption of the enzyme with 
kaolin the dehydrogenations of lactic and malic acids proceeded with different 
velocities. They put forward this as evidence against the identity of the enzymes. 


M 
lactate 
ml. 


M 
lactate 
ml. 


0-3 
0-4 
0-3 


M 
lactate 
ml. 


ol | 


Table XI 
Coenzyme was added in all these experiments. 
Enzyme 
sol. Glutamic 
Phosphate after acid sol. M/5 
buffer adsorption (10 mg./ml.) mala 
ml. ml. ml. ml. 
0-5 — 0-1 _ 
0-5 ~ 0-1 0-5 
05 — 0-1 a 
0-5 1-0 0-1 0-5 
0-5 1-0 0-1 on 


So 
or 


Time of 
decoloration 
in min. 
>30-0 

10-0 
10-0 
12-5 
12-5 
10-5 


Time of 
decoloration 
in min. 

>30-0 
2-0 


bt et et DOD 
aad 
DAD 


Time of 
decoloration 
in min. 
>60-0 

11-5 
13-5 
32-0 
32-0 








1122 N. B. DAS 


Table XII 
Enzyme Enzyme 
sol. sol. 
before Phosphate after Coenzyme M/5 M Time of 
adsorption buffer adsorption sol. malate lactate decoloration 
No. ml. ml. ml. nl. ml. ml. in min. 

1 1-0 0-5 o= 0-5 0-5 — 28 
2 1-0 0-5 — 0-5 — 0-5 14 
3 —_— 0-5 1-0 0-5 0-5 — 95 
4 _— 0-5 1-0 0-5 — 0-5 36 


Their experiments were repeated. By adding glutamic acid, the reduction 
rates with both lactic and malic acid were found to be equal both before and 


after adsorption (Tables XI and XII). 
The enzyme for this purpose was prepared according to Green & Brosteaux 
[1936] from pig heart and a portion was adsorbed three times with kaolin. 


Coenzyme 


It has been found that cozymase free from adenylic acid (ACo= 600,000) 
which was kindly supplied by Prof. Hans von Euler activates the dehydro- 
genation of malic acid (Fig. 2). 


37 
350 
330 


310 


Velocity 


0 10 20 30 40 50 60 
Cozymase ACo 


Fig. 2. 


SUMMARY 


1. Lactic and malic dehydrogenases have been found in pigeon breast muscle, 
pig ainey, pig liver and pig heart. 

The effective concentration of oxaloacetic acid which inhibits malic 
dace is much less than the effective concentration of pyruvic acid 
which inhibits lactic dehydrogenase. 

3. With the same concentration of both oxaloacetic acid and pyruvic acid 
the inhibition of malic dehydrogenase is much greater by the former than the 
inhibition of lactic dehydrogenase by the latter. 
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4, The relative velocities of dehydrogenation of lactic and malic acids-are 
almost equal in all enzyme preparations when glutamic acid is added with malic 
acid to combine with the oxaloacetic acid which is formed during the dehydro- 
genation of malic acid. 

5. The maximum concentration of malic acid is much less than the maximum 
concentration of lactic acid. 

6. Oxaloacetic acid inhibits the dehydrogenations of both malic and lactic 
acids while pyruvic acid inhibits only the dehydrogenation of lactic acid and not 
that of malic acid. 

7. Arsenious acid and iodoacetic acid inhibit both dehydrogenations, but 
fluoride inhibits only lactic dehydrogenase and not malic dehydrogenase. 

8. No summation or addition has been found with lactic and malic acid 
added together. 

9. The enzymes were not separated by adsorption with kaolin. 

10. Cozymase free from adenylic acid activates malic dehydrogenase. 


I am grateful to Prof. A. Szent-Gyérgyi for suggesting this problem and for 
his constant advice. 
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TuE theory of Szent-Gyérgyi and his collaborators that succinic and malic acids 
play important catalytic roles in the normal respiration of animal tissues by 
virtue of their alternate oxidation and reduction led to the present investigation, 


which deals with the mutual inhibition of these 
oxidation-reduction processes by the products of their 
oxidation and reduction. Evidence has been given in 
the preceding paper for the identity of the malic and 
lactic acid dehydrogenating enzymes and this enzyme 
was therefore also studied along these lines. Since, 
furthermore, inhibiting effect of malonic acid on 
respiration is an important feature of Szent-Gyérgyi’s 
theory a study of this substance was also undertaken. 


EXPERIMENTAL 


The dehydrogenation experiments were carried out 
by the method described in the previous paper. Sodium 
indo-2:6-dichlorophenol-1-naphthol-2-sulphonate has 
been used in all the experiments excepting in the case 
of succinic acid where 2:6-dibromophenolindophenol 
has been used as the dye. 

The hydrogenation experiments were carried out 
in an apparatus especially designed for the purpose 
using neutral red (1 in 5000) as the dye. This was 
reduced in vacuo by neutralized sodium hydrosulphite 
solution in slight excess and added to the enzyme- 
substrate mixture. The first appearance of the red 
colour was taken as the hydrogenation time in all the 
experiments. 

The details of the apparatus are given in Fig. 1. 
It consists of 6 tubes (Z) which can be attached to 
the main apparatus by ground joints. These tubes 
are meant for the enzyme-substrate mixture. The dye 
is to be stored in B. D is a calibrated container for 
the reduced dye and H is a capillary joined to D by 
a stopcock E and passing through the stopper F. The 


capillary H can be rotated so that the measured amount of reduced dye from D 





Fig. 1. 


1 This work has been sponsored by Josiah Macy Jr. Foundation, New York. 


* The Lady Tata Memorial scholar. 
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can be dropped into each of the tubes ZL. VM is meant for neutralized hydrosulphite 
which can be dropped into the dye stored in the vessel B by turning the stopper 
A very slowly. G is the stopper for evacuating the whole apparatus. 

The tubes containing the enzyme-substrate mixture are joined to the main 
apparatus and the stopcock A is closed. The whole apparatus can then be 
evacuated through the stopcock G@ keeping the stopcock E open to both D and H. 
The apparatus is then evacuated for about 4 min. by an oil pump and the 
neutralized solution of sodium hydrosulphite is dropped from M into the dye 
stored in B by turning the stopper A very slowly, taking care that no air bubble 
enters B and that the dye is a little over-reduced. The stop-cocks A and E are 
then closed and the reduced dye from B is dropped into the reservoir D by 
rotating the vessel B about the ground joint C. One of the tubes LZ should be 
without enzyme-substrate mixture and be used for labelling the dye against the 
calibrations in the reservoir D. Then 1 ml. of the reduced dye is dropped into the 
respective tubes L and the apparatus is immersed in a water-bath at 37°. 


Accuracy of the apparatus 


This apparatus has been found to give fairly accurate results, the error 
never being more than 20%. A typical series of experiments is given in Table I. 


Table I 
Enzyme Phosphate M/10 Time of 
sol. buffer pyruvate decoloration 

No. ml. ml. ml. in min. 
1 1-0 1-0 0-5 7-0 
2 1-0 1-0 0-5 7-0 
3 1-0 1-0 0-5 8-0 
4 1-0 1-0 0-5 75 
5 1-0 1-0 0-5 75 


Inhibition experiments 


Inhibitions of both dehydrogenation and hydrogenation by their respective 
reaction products have been studied. In all these experiments the object has 
been to determine the concentration of substance which gives 50% inhibition. 
The results are the averages of at least 3 experiments. 

Succinic dehydrogenase (fumarase-free) was prepared by Lehman’s [1929] 
method. 100 g. of fat-free horse muscle were minced in a Latapie mincer and 
washed with water till free from haemoglobin. The washed muscle was then 
stirred with warm water (50°) for about 5 min. taking care to keep the tem- 
perature constant and to squeeze immediately after through muslin in order to 
make it relatively free from fumarase. The pressed tissue was again washed with 
cold water, ground with sand and 100ml. phosphate buffer (pH 7-0) and 
ultimately pressed through muslin. The phosphate extract was used as the 
enzyme preparation in all the experiments described below. 


Inhibition of dehydrogenation of succinic acid 


Succinic dehydrogenase is very strongly inhibited by oxaloacetic acid and 
malonic acid whilst the inhibition by fumaric acid is very weak (Table II). It 
is not inhibited by malic or lactic acid, even when added in quantity double 
that of the succinic acid. 
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Table IT 
Buffered M/5 Amount of substance for 50% 
enzyme succinate inhibition 
No. ml. ml. 
1 1-0 0:5 0-01 mg. oxaloacetic acid 
2 1-0 0-5 0-8 mg. malonic acid 
3 1-0 0-5 10-0 mg. fumaric acid 


Inhibition of the hydrogenation of fumaric acid 


The hydrogenation of fumaric acid is less inhibited by oxaloacetic acid and 
malonic acid than is the dehydrogenation of succinic acid, but the inhibition by 
succinic acid is greater than the inhibition of dehydrogenation by fumaric acid 
(Table III). It is, however, not inhibited by either malic or lactic acid when 
added in quantity equal to that of the fumaric acid. 


Table III 
Buffered M/5 
enzyme fumarate Amount of substance for 50% 
No. ml. ml. inhibition 
1 1-0 0-5 0-3 mg. oxaloacetic acid 
2 1-0 0-5 4-0 mg. malonic acid 
3 1-0 0-5 2-4 mg. succinic acid 


Lactic-malic dehydrogenase. The enzyme has been prepared from pigeon 
breast muscle as described in the previous paper. 


A. A A Te 


Inhibition of dehydrogenation of malic acid 


Malic acid dehydrogenase is very strongly inhibited by oxaloacetic acid, 
whereas the inhibition by malonic acid is very slight (Table IV). The inhibition 
by pyruvic acid has been discussed in the previous paper. These experiments 
with malic acid have been done with “‘maximum”’ concentration of the substrate, 
i.e. that required to saturate the surface of the enzyme. 


Table IV 
Buffered M/5 
enzyme malate Amount of substance for 50% 
No. ml. ml. inhibition 
1 1-0 0-5 0-02 mg. oxaloacetic acid 
2 1-0 0-5 24-0 mg. malonic acid 


Inhibition of hydrogenation of oxaloacetic acid 


The inhibition of hydrogenation of oxaloacetic acid by malic acid is much 
less than the inhibition of dehydrogenation of malic acid by oxaloacetic, but 
the hydrogenation is more markedly inhibited by malonic acid than is the 
dehydrogenation. Lactic acid, however, failed to inhibit the reaction, which 
can be explained by the higher affinity of the enzyme towards malic than 
towards lactic acid (Table V). 


Table V 
Buffered M/5 
enzyme oxaloacetate Amount of substance for 50% 
No. ml. ml. inhibition 
1 1-0 0-5 3-5 mg. malic acid 
2 1-0 0-5 5-0 mg. malonic acid 
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Inhibition of dehydrogenation of lactic acid 


Lactic acid dehydrogenase is strongly inhibited by pyruvic acid and malonic 
acid. In the previous paper it has been shown that it is also inhibited by 
oxaloacetic acid to an equal extent (Table VI). These experiments with lactic 
acid have also been done with the maximum concentration of the substrate. 


Table VI 
Buffered M Amount of substance for 50% 
No. enzyme ml. lactate ml. inhibition 
1 1-0 0-5 0-3 mg. pyruvic acid 
2 1-0 0-5 0-5 mg. malonic acid 


Inhibition of the hydrogenation of pyruvic acid 


The hydrogenation of pyruvic acid has been found to be inhibited almost 
equally by malonic and lactic acids (Table VII). 


Table VII 
Buffered M/10 Amount of substance for 50% 
No. enzyme ml, pyruvate ml. inhibition 
1 1-0 0-5 3-0 mg. lactic acid 
2 1-0 0-5 4-0 mg. malonic acid 


Table VIII 
0-3 mg. pyruvic acid (50%) 
Lactic acid pyruvic acid 
3-0 mg. lactic acid (50%) 
0-5 mg. malonic acid (50% 
Lactic acid pyruvic acid 


4-0 mg. malonic acid (50%) 
0-02 mg. oxaloacetic acid (57%) 


Malic acid amet oxaloacetic acid 


3-5 mg. malic acid (50%) 
24-0 mg. malonic acid (50%) 


Malic acid ssiiialinate oxaloacetic acid 


5-0 mg. malonic acid (50%) 
10-0 mg. fumaric acid (50%) 


itidlanie fumaric acid 
Po oa ab 


2-4 mg. succinic acid (53%) 
0-8 mg. malonic acid (50%) 





Succinic acid 





Succinic acid ———— fumaric acid 


4-0 mg. malonic acid (50%) 
0-01 mg. oxaloacetic acid (50%) 


tiie 


Succinic acid ——— fumaric acid 


0-3 mg. oxaloacetic acid (40%) 

Succinic acid ———————> fumaric acid 
(Not inhibited by malic or lactic acid) 

Succinic acid «——————— fumaric acid 
(Not inhibited by malic or lactic acid) 
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A summary of the results is given in Table VIII where the vertical arrows 
indicate the inhibition and the horizontal arrows pointing to right and left 
indicate dehydrogenation and hydrogenation respectively. The figures within 
brackets indicate percentage inhibitions. 


Discussion 


The inhibitions described in the experimental part allow certain conclusions 
regarding the theory of hydrogen transference by C,-dicarboxylic acids. At the 
beginning of these studies Gézsy & Szent-Gyérgyi [1934] presented evidence 
in favour of the assumption that the C,-dicarboxylic acids performed their 
function by their lowest step of oxidation, that is the change succinate >fuma- 
rate. The main evidence was based upon experiments with malonic acid, which 
inhibits respiration and also inhibits the succinic dehydrogenation but not the 
malic dehydrogenation. The theory that hydrogen was transferred by the 
change succinate >fumarate, however, was given up, since it was found that the 
respiration inhibited by malonate could be revived by the addition of a small 
quantity of fumarate. After the addition of this substance the respiration 
proceeded undisturbed in spite of the presence of malonate. This led to the 
assumption that the C,-dicarboxylic acids exert their catalytic function by a 
higher step of oxidation, viz. the change malic—oxaloacetic acid, which was 
practically insensitive to malonate. This latter theory led to the discovery of 
the strikingly rapid reduction of oxaloacetic acid by the respiring tissue. Fumaric 
acid is not reduced by the tissue at a considerable velocity, which also argues 
against the possible catalytic function of the succinic-fumaric acid step. 
Neither of these theories can, however, explain all the phenomena, e.g. the 
function of fumarase. The succinate theory gives no explanation of the striking 
reduction of oxaloacetate, whilst the malic theory gives no explanation of the 
existence and exceptional qualities of the succinic dehydrogenase. The whole of 
the phenomena observed can only be explained by a combined theory in which 
both processes are involved. 

The data presented in this paper invalidate the arguments brought forward 
against the succinate-fumarate theory showing that adsorption of fumarate is 
less inhibited by malonate than is the adsorption of succinate. To appreciate 
this point, we have to bear in mind that, of the four processes involved, the 
oxidation of succinate and the reduction of oxaloacetate are very fast compared 
with the reverse processes, the reduction of fumarate and oxidation of malate. 
So at any moment most of the catalyst will be found in the form of its malate- 
fumarate equilibrium mixture (equilibrium being maintained by the fumarase). 
The time during which a succinate or an oxaloacetate molecule can exist as 
such will be very brief. The form in which the catalyst is adsorbed on the succinic 
dehydrogenase will be fumarate. There will be thus a considerable difference in 
the oxidation of succinate added as such to the muscle (strongly inhibited by 
malonate) and that of succinate present in the tissue and playing by its oxidation 
and reduction the role of a catalyst. It will be adsorbed as fumarate and, if once 
adsorbed, will be converted only for a very short time into succinate, which 
at the moment of its formation is in an adsorbed condition and does not 
compete with malonic acid, and will be reoxidized to fumaric acid at a very 
high rate. 

One further circumstance to be borne in mind is the very low normal con- 
centration of the catalyst. This is approximately 10 mg. per 100 ml. in muscle. 
If, as happens in respiration experiments, the tissue is suspended in ten times 
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its volume of fluid, the concentration decreases to 1 mg. per 100 ml. So even 
the addition of a very small quantity of fumaric acid, say 2 mg., means a 50-fold 
increase of its concentration. 

My experiments show that the reduction, i.e. adsorption of fumaric acid, is 
distinctly less inhibited by malonate than the oxidation, i.e. adsorption of 
succinic acid. At a very low concentration of the catalyst both adsorptions will 
be inhibited by a small concentration of malonate. If, however, the concentration 
of the catalyst is increased by addition of fumarate, it is possible that malonate 
will be unable to compete efficiently with the adsorption of fumarate though, as 
experiments show that malonate can inhibit the oxidation of succinate, there 
is a possibility that malonate cannot inhibit the reoxidation of succinate, 
adsorbed as fumarate and formed in an adsorbed condition on the enzymic 
surface, where (owing to its rapid oxidation) the time of its existence will be too 
short to give full play for the competition of malonate.t 

There is sufficient reason to suppose that in its relation to malonate there is 
a distinct difference between the succinate, which is, on the one hand, added to 
the tissue and has in its adsorption to compete with malonate, and the succinate 
which, on the other hand, is formed by the reduction of fumarate and is there- 
fore at the moment of its formation in an adsorbed condition and so capable of 
exerting its catalytic function without competing with the malonate present. 

According to the observations of this paper, malonate inhibits the reduction 
of fumaric acid much less markedly than it inhibits the oxidation of succinate, 
and I therefore think that the restoration of malonate-inhibited respiration by 
fumarate is no argument against the catalytic function of succinic dehydrogenase 
and of the step succinate-fumarate. 

My experiments also show that the inhibition of reduction of fumarate 
to succinate by succinic acid is much more marked than the inhibition of 
oxidation of succinate by fumarate. This shows that the reduction of added 
fumarate must very soon be inhibited by accumulation of succinate. No 
considerable accumulation of succinate can therefore be expected and the 
reaction must be greatly slowed down at its early stages. So the failure of 
the tissue to reduce added fumarate in quantity at a considerable rate cannot 
be used as an argument against the possible catalytic function of the process 
succinate-fumarate. 

Another point worth mentioning is the possible bearing of these obser- 
vations on the Pasteur reaction. According to the most recent theories lactic 
fermentation is in its essence a transfer of the hydrogen from triose to pyruvic 
acid. According to Szent-Gyérgyi’s theory oxidation of the same substance 
would mean the transference of its hydrogen to oxaloacetic acid. I have shown 
that the affinity of the enzyme, when activating both substrates, is much 
greater towards oxaloacetic acid than towards pyruvic acid. So if in presence of 
oxygen oxaloacetic acid is formed, the latter would have to become the main 
acceptor of the hydrogen and oxidation would proceed. If no oxygen is present, 
pyruvic acid would have to be the acceptor and fermentation would proceed. 

One more point worth mentioning is the much greater affinity of the enzyme 
for the oxidized forms of its substrates (i.e. pyruvic acid and oxaloacetic acid) 
than for their reduced forms (i.e. lactic and malic acids). This is evident from the 
comparatively strong inhibition of the dehydrogenation by pyruvic and oxalo- 
acetic acids. It seems that the conversion of the CHOH group into the CO group 


1 Naturally a small part of succinate will be replaced by malonate even under these conditions 
and will be inhibited in its readsorption and oxidation. Possibly this is the reason for the ac- 
cumulation of succinic acid in presence of malonate described by Gézsy [1935]. 
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greatly increases the adsorption. Since oxaloacetic acid is reduced at a very 
high rate it will not interfere with the further oxidation of malic acid. Pyruvic 
acid, however, is not removed at an equally high rate and so it may be concluded 
that the main function of the enzyme in regard to the C, acids is related to 
hydrogenation (reduction of pyruvic acid) rather than to dehydrogenation 
(oxidation of lactic acid), which is in accordance with the modern theory of 
fermentation. 

The last point worth noting is the importance of doing experiments in absence 
of the reaction product when comparing the relative activities of the enzyme 
towards different substrates. 

SUMMARY 

1. The inhibition of dehydrogenation of lactic acid by pyruvic acid is 
stronger than the inhibition of hydrogenation of pyruvic acid by lactic acid. 

2. Malonic acid inhibits dehydrogenation of lactic acid more strongly than 
hydrogenation of pyruvic acid. 

3. The inhibition of dehydrogenation of malic acid by oxaloacetic acid is 
stronger than the inhibition of hydrogenation of oxaloacetic acid by malic acid. 

4. Malonic acid inhibits hydrogenation of oxaloacetic acid whilst the de- 
hydrogenation of malic acid is inhibited only by a large amount of malonic 
acid. 
5. The inhibition of dehydrogenation of succinic acid by fumaric acid is 
much weaker than the inhibition of hydrogenation of fumaric acid by succinic 
acid. 
6. Malonic and oxaloacetic acids inhibit dehydrogenation of succinic acid 
more strongly than hydrogenation of fumaric acid. 

7. Malic or lactic acid failed to inhibit both dehydrogenation of succinic acid 
and hydrogenation of fumaric acid. 

8. The bearing of these results on the theory of tissue respiration is dis- 


cussed. 


I am deeply grateful to Prof. A. Szent-Gyérgyi for guidance and suggestions. 
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